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range 45Oo-550'C under 1000-4000 psi hydrogen pressure .  In t h e  thermal hydroci.acl:i ng 
experiments, conversion increased w i t h  r s c t i o n  temperature and a coal conve.?sinn o f  

I about 40% was obtained a t  10 minutes residence time. Hydrogen pressure  dirl i:ot e f f e c t  
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rnent of >lining, 14etallurgicai and Fuels Enginewing, University o f  Utah, S a l t  La:tc I City ,  Utah 84112. 

the conversion t o  any s i g n i f i c a n t  e x t e n t .  
physical mixtures of coal and c a t a l y s t s  were heated under hydroger. p ressurc  a t  res idence  
times o f  u p  t o  10 minutes. 
and a coal conversion o f  about 90% was obtained a t  a temperattire of 550'C iindcr 4000 p s i  
hydrogen pressure.  Thermal and 
c a t a l y t i c  coal hydrocrackinn da ta  were evaluated by f i r s t  o rder  I..indtics c d  apFarenl 
ac t iva t ion  energ ies  o f  13-15 K calories/gram mole were obtained in  t h e  nonca ta ly t ic  

In t h e  c a t a l y t i c  hydrocrackinq c x ? c r i w n t s ,  

Reaction temperature and pressure  increased the  conversion 
\ 

Cata ly t i c  a c t i v i t y  varied i n  t he  order  COS > b!S? > FeS. 
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I I 
INTRODUCTION 

Coal t a r  i s  a complex m ix tu re  o f  hydrocsrbons and organic  compounds 

conta in ing s u l f u r ,  oxygen and n i t rogen .  

e a s i l y  a t tacked by oxygen when they  a re  exposed t o  a i r .  

always r e s u l t s  i n  the  format ion o f  high-molecular-weight compounds, 

thus reducing t h e  value o f  t he  t a r .  

t h e  changes i n  i t s  composit ion and p roper t i es  i s  r e f e r r e d  t o  as i t s  

s t a b i l i t y .  In at tempt ing t o  evaluate t h e  s t a b i l i t y ,  i t  was necessary 

t o  i n v e s t i g a t e  the  k i n e t i c s  o f  c o a l - t a r  au tox ida t i on .  Because o f  t h e  

complexi ty o f  t h e  c o a l - t a r  composition, i t  was very d i f f i c u l t  t o  apply 

convent ional  methods t o  t h i s  k i n e t i c  study. The measurement o f  v i s -  

c o s i t y  and re f rac t i ve - index  change were regarded as t h e  most convenient 

ways t o  determine t h e  ex ten t  o f  c o a l - t a r  autox idat ion;  hence, both o f  

these methods were used i n  t h i s  study. 

t i o n  i s  employed t o  exp la in  the  d i f f e r e n t  mechanisms involved i n  t h e  

au tox ida t i on  o f  whole t a r ,  neu t ra l  o i l s ,  t a r  ac ids,  and t a r  bases 

respect ive ly ,  under ambient storage cond i t i ons .  

Some o f  these compounds are 

This a t t a c k  

The a b i l i t y  o f  coal  t a r  t o  r e s i s t  

Present-day theory o f  autox ida-  

EXPERIMENTAL PROCEDURES 

Sample Ma te r ia l  

The coal  t a r s  used i n  t h i s  study were obtained f rom two processes: 

hydrogenation ( a t  650°C reac to r  temperature),  and carbonizat ion ( a t  

7OOOC). 

as t h e  sample. 

separated from t h i s  d i s t i l l a t e .  

were selected f o r  hydrogenation, and carbonizat ion.  

The d i s t i l l a t e  b o i l i n g  i n  the  range o f  110 t o  300OC was used 

Neutra l  o i l s ,  t a r  acids, and t a r  bases were chemical ly  

Samples o f  Hiawatha, and Spencer coals  

Both coa ls  a r e  



bituminous coals  and analyses f o r  them are g iven i n  Table 1 

TABLE 1 

Analyses o f  coa ls  ( %  by weight,  as received)  which were used t o  

produce coal t a r .  

H i  awatha Spencer 

V o l a t i l e  ma t te r  (DAF) 48.6 45.4 

F ixed carbon (OAF) 51.4 54.6 

?lei s t u r e  3.20 5.16 

Ash 5.51 4.42 

S u l f u r  0.80 0.53 

Oxidat ion o f  Tar Sample 

50 m l  o f  t a r  sample was s to red  and exposed t o  a i r  (20°C) i n  a 

100 ml beaker which was covered w i t h  a p l a s t i c  sheet t o  prevent t h e  

evaporat ion o f  t a r  sample. 

experimental run  was 4 o r  5, except t a r  ac ids,  and t a r  bases, which 

were d i f f i c u l t  t o  c o l l e c t .  A f t e r  t he  samnle had been ox id i zed  f o r  

t h e  des i red per iod,  i t  was taken from the  beaker f o r  measurements o r  

analyses. 

The number o f  samples used i n  each d i f f e r e n t  

Measurement o f  V i s c o s i t y  

The v i s c o s i t y  o f  t h e  t a r  samples was measured w i t h  a Iiaake f a l l i n g -  

b a l l  viscometer. The measuring temperature was con t ro l  l e d  by a constant 

temperature c i r c u l a t o r  a t  25.0 2 0.1"C. 

'1 
1 

Iileasurement of R e f r a c t i v e  Index 

A Bausch E Lomb Model ABBE-3L ref ractometer  was used t o  measure the  
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refractive index of tar samples at 25°C. 

read to the fourth decimal place. 

The refractive index could be 

Determination of Iodine Number 

The Hanus method was employed in this study to determine the 

iodine number of tar samples. 

Analysis of Oxygen Content 

Oxygen analyses were obtained from Gailbraith Laboratories, Inc. 

of Knoxville, Tennessee. 

pared fresh hy hydrogenation of Spencer coal. 

Duplicate samples were run on the tars as pre- 

Infrared Absorption Spectrum Analysis 

The infrared absorption spectra were measured with a Beckman Model 

I R  20 Spectrometer over the wave-length interval 25 to 40 microns. In 

this study, a routine scan was selected, and the time required to scan 

the region was 30 minutes. 

a liquid film of coal tar, approximately 0.015 mm thick, was spread on 

a KBr sample holder, and the spectrum was observed immediately. 

After the tar sample had been stirred mildly, 

Auxiliary Experiments 

In order to understand the kinetics of the coal-tar autoxidation, 

some auxiliary experiments were carried out to detennine the following: 

a. effect of stirring 

b. effect of oxygen pressure 

c. effect of temperature 

d. effect of light irradiation 
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RESULTS AND DISCUSSION 

V i s c o s i t y  

The viscosity-change behavior o f  t he  whole- tar  samples ox id i zed  

i n  a i r  i s  shown i n  F igures 1 and 2. 

increases l i n e a r l y  w i t h  the reac t i on  time. This i nd i ca tes  t h a t  a 

p a r t i c u l a r  mechanism i s  invo lved i n  the whole t a r  au tox ida t i on .  

It i s  aDparent t h a t  t he  v i s c o s i t y  

I n  the process o f  c o a l - t a r  au tox ida t i on ,  some high-molecular- 

weight compounds a re  be l i eved  t o  be formed i n  t h e  l i q u i d ,  so  t h e  v i s -  

c o s i t y  o f  coal t a r  increases cont inuously .  The r e l a t i o n s  between t h e  

v i s c o s i t y  o f  t a r  samnle, t he  concentrat ion o f  new compounds, and t h e  

t ime o f  reac t i on  i s  shown i n  F igure 3. 

r e a c t i o n  time, say, A t ,  the v i s c o s i t y  o f  t he  t a r  sample increases from 

n t o  n + ~ n ,  and t h e  concen t ra t i on  o f  new compounds increases from C 

t o  C + AC. 

as t h e  so lvent  o f  new compounds formed from t ime t t o  t ime t + A t ,  

then, a t  the end o f  t h e  t ime i n t e r v a l  A t ,  t h e  r e l a t i v e  v i s c o s i t y  i s  

I n  some small  i n t e r v a l  o f  

I f  the  t a r  sample w i t h  v i s c o s i t y  n a t  t ime  t i s  considered 

w r i t t e n  as 

- n + A n  nr - ___ n 

and t h e  s p e c i f i c  v i s c o s i t y  becomes 

Also, according t o  d e f i n i t i o n ,  t he  i n t r i n s i c  v i s c o s i t y  can be expressed as 

S u b s t i t u t i o n  o f  t he  Mark-Houwink equation ( l ) ,  which i s  app l i cab le  t o  

a mixture,  i n t o  the  l a t t e r  equat ion g i ves  
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in which K and a are constants, Kv represents the viscosity average 

molecular weight o f  the high-molecular-weight compounds. 

that as At approaches 0, AC also approaches 0, so does An; hence, 

division o f  both the numerator and the denominator by At at the left- 

hand side and taking the limit as At goes to 0 yields 

It is true 

dlnnldt = m v a  
ac/dt 

After rearrangement, it becomes 

This kinetic equation relates the viscosity-change rate with the chem- 

ical -reaction rate. 

which can be considered roughly as a rigid spherical particle, so 

that the interaction between different new compounds is negligible, 

and the characteric constants K and a can be assumed to be constant 

during reaction ( 2 ) .  

Most products o f  coal -tar autoxidation are dimers, 

The mechanism o f  the chain oxidation o f  hydrocarbons can be 

represented in the following way (3): 
02 

RH + R. 

R *  + O2 + R02*  

R02*  + RH -+ ROOH + R. 

ROOH + RO. + OH. 

R * + R *  -+ R - R  

ROE* + R *  + ROOR 

R 0 2 *  + R 0 2 *  + ROH + R,COR2 + O2 

(0) (origin of the chains) 

(propagation of the chains) 
(1 1 
(2 )  

(3) (degenerate branching) 

(4) 

(5) (termination o f  the chains) 

(6) 



Usua 

ever 

l y  reac t i on  1 i s  be l i eved  t o  be a very f a s t  reac t i on  (4 ) .  How- 

i n  t h e  process o f  t h e  whole- tar  au tox ida t i on ,  t h e  f ree r a d i c a l  

R '  r eac ts  no t  o n l y  w i t h  oxygen, but  a l s o  w i t h  the  an t i ox idan ts  such 

as phenols (be longing t o  t a r  ac ids ) ,  amines (belonging t o  t a r  bases), 

and su l fu r - con ta in ing  compounds. A t  t he  same time, t h e  peroxy r a d i c a l  

R02* i s  e a s i l y  a r res ted  by these an t i ox idan ts  too. Thus, t he  concen- 

t r a t i o n  o f  f r e e  r a d i c a l s  i s  kept  a t  such a l o w  l e v e l  t h a t  the propa- 

g a t i o n  o f  f r e e  r a d i c a l s  f a i l s  t o  proceed even tua l l y ,  and reac t i on  1 

becomes a ra te -de te rm in ing  s tep.  For t h i s  study the  t a r  sample was 

s to red  i n  a s t a t i c  con ta ine r  ( c f .  F igure 4 ) ,  before c o l l i s i o n  w i t h  f r e e  

r a d i c a l  R., the oxygen molecule had t o  d i f f u s e  from a i r  through some 

media o f  t he  t a r  sample t o  meet the  reactant ;  the o v e r a l l  r eac t i on  was 

therefore a d i f f u s i o n - c o n t r o l l e d  reac t i on ,  which has been substant ia ted 

by the  data shown i n  F igu re  5. 

theory (5,6), t he  r a t e  o f  the d i f f u s i o n - c o n t r o l l e d  r e a c t i o n  can be 

w r i t t e n  as 

Thus, i n  accordance w i t h  Smoluchowski 

4nNou12D w = -  1000 [R.1[021 

where, [R.]  and [O,] are t h e  concentrat ion o f  f r e e  r a d i c a l  R. and 

oxygen respec t i ve l y ,  D is  the d i f f u s i o n  c o e f f i c i e n t ,  No i s  Avogadro's 

number, and u12 i s  t h e  r e a c t i o n  rad ius,  ( t h e  d is tance between t h e  

cen te rs  o f  t he  p a r t i c l e s  when they are reac ted ) .  

r a t e  equation can be expressed as 

For s i m p l i c i t y ,  t he  

W = aD[02] 

i n  which 4nNou12[R*] 
1000 = constant a =  
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The au tox ida t i on  system used i n  t h i s  s tudy and the oxygen pro- 

f i l e  i n  the  c o a l - t a r  sample are a l so  shown i n  F igure 4. 

represents t h e  oxygen i n  a i r ,  B represents t h e  c o a l - t a r  sample t o  

be ox id ized,  Z represents  the depth o f  t h e  sample, CA i s  t he  concen- 

t r a t i o n  o f  oxygen and NAZ i s  the molar f l u x  o f  oxygen i n  t h e  Z -d i rec t i on .  

As gas A d i f f u s e s  i n t o  l i q u i d  B and undergoes an i r r e v e r s i b l e  r e a c t i o n :  

A + B. -+ AB- ,  t h e  mass balance ( i n p u t  - ou tpu t  + product ion = 0) 

takes the  form ( 7 )  

Here A 

i n  which S i s  t he  cross-sect ional  area o f  the l i q u i d .  The q u a n t i t y  

aDCA represents t h e  moles o f  oxygen disappearing per  u n i t  volume per  

u n i t  t ime.  D i v i s i o n  o f  both s ides  by SAZ and t a k i n g  t h e  l i m i t  as A Z  

goes t o  zero g ives 

Since A and AB. a re  present  i n  small  concentrat ions,  t he  f o l l o w i n g  

approximation ( F i c k ’ s  f i r s t  law) can be establ ished:  

S u b s t i t u t i o n  o f  t h i s  r e l a t i o n  i n t o  the  preceding equation and d i v i s i o n  

o f  both sides by D g ives 

d2CA 

-2- = O 

This  i s  t o  be solved w i t h  the boundary cond i t i ons :  

a t  z = 0, ‘A = ‘A0 
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Thus, the concen t ra t i on  p r o f i l e  o f  oxygen i s  obta ined and expressed as 

i n  which b = Lvzr 

and the r a t e  o f  oxygen consumption i s  

dQA - 
d t  N A Z I Z  = os 
- _  

dC A = -0-1 S dz Z = o  

= D S , E C A o  tanh b (111) 

The r a t e  o f  genera t i on  o f  high-molecular-weight compounds i n  t h i s  

d i f f u s i o n - c o n t r o l l e d  r e a c t i o n  i s  propor t i ona l  t o  t h e  consumption r a t e  

o f  oxygen. Therefore, s u b s t i t u t i o n  o f  t he  consumption r a t e  of oxygen 

(111) i n t o  the  preceding k i n e t i c  equation ( I )  g ives 

= K ' ~ v ~ D S J E T C ~ ~  tanh b/(SL) d t  

i n  which K '  i s  a p r o p o r t i o n a l i t y  constant and SL i s  t he  volume o f  t he  

sample. For s i m p l i c i t y ,  t h i s  can be w r i t t e n  as 

where 

It may be noted t h a t  an approximate equation f o r  t he  d i f f u s i o n  co- 

e f f i c i e n t  o f  a spher i ca l  molecule o f  r a d i u s  u i s  

B = K 'mv'p i  tanh b/L 

i n  which I- i s  t h e  v i s c o s i t y  o f  the medium, R i s  t h e  gas law constant, 

T i s  the absolute temperature and No i s  Avogadro's number ( 5 ) .  Sub- 
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s t i t u t i o n  o f  t h e  r e l a t i o n  i n t o  t h e  preceding equation y i e l d s  

Because n i s  d i f f e r e n t  from zero, m u l t i p l i c a t i o n  o f  both sides by n 

g ives  

Under constant pressure and temperature, 8 and CAo a re  assumed t o  be 

constant, t he re fo re  so i s  y .  Thus 

dn E = y = constant 

A f t e r  i n t e g r a t i o n ,  i t  becomes 

rl = no + Y t  ( I V )  

where no i s  a constant  o f  i n t e g r a t i o n .  This  accounts f o r  t h e  l i n e a r  

r e l a t i o n  between v i s c o s i t y  and t ime as shown i n  Fiaures 1 and 2. 

The t o t a l  amount o f  oxygen which d i f f u s e s  i n t o  t h e  c o a l - t a r  sample 

from a i r  dur ing reac t i on ,  can be ca l cu la ted  by i n t roduc ing  the r e l a t i o n  

above ( IV)  i n t o  the r a t e  equat ion o f  oxygen consumption ( I I I ) ,  t h a t  i s  

where 

- -  ‘2 - D S p C A o  tanh b 

- 6rrF100(n0 RT + y t  S a c A o  tanh b 

6 = -  
no + Yt 

SJZ CAo tanh b = constant RT 6 = -  
6nNoa 

I n t e g r a t i o n  g ives Q, 
6dt  l dQ, = It - no + Y t  0 
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When n e u t r a l  o i l s  a re  chemical ly  separated from coal t a r  and 

ox id ized i n  a i r ,  i t s  v iscos i ty-change behavior (F igure 6) i s  d i f f e r e n t  

from t h a t  o f  t h e  whole t a r s .  For neu t ra l  o i l s ,  o l e f i n s  a re  u s u a l l y  

regarded as t h e  compounds which most e a s i l y  r e a c t  w i t h  the  oxygen i n  

a i r .  Because most o f  the t a r  ac ids and t h e  t a r  bases are absent i n  

the  neutra l  o i l s ,  few an t iox idan ts  compete w i t h  oxygen t o  consume the  

f r e e  r a d i c a l s  d u r i n g  au tox ida t i on ;  thus t h e  propagation r e a c t i o n  can 

be se l f -susta ined,  and the  o v e r a l l  r e a c t i o n  becomes a long chain r e -  

act ion.  

dur ing a u t o x i d a t i o n  a t  t he  steady s t a t e  t h e  i n teg ra ted  equation i s  

found t o  be: 

A t  r e l a t i v e l y  h i g h  pressure (>  100 mm) and h igh-chain l e n g t h  

i n  which TI, i s  t h e  v i s c o s i t y  o f  neu t ra l  o i l  as t ime  approaches i n f i n i t y .  

When t h e  q u a n t i t y  I n  (lnrl, - I n s )  i s  p l o t t e d  aga ins t  t h e  r e a c t i o n  

t ime t, a s t r a i g h t  l i n e  i s  obtained as shown i n  F igure 7. 

o f  the l i n e a r  p l o t  represents t h e  r a t e  constant o f  t he  o v e r a l l  au tox i -  

dat ion reac t i on .  The r a t e  constant thus obtained f o r  t h e  neu t ra l  o i l  

from Hiawatha coal  by carbonizat ion i s  4.56 x 10- /hr . ,  and t h a t  f o r  
2 t h e  neutral o i l  from hydrogenation i s  2.62 x 10- / h r .  

t h i s  d i f f e r e n c e  i s  perhaps t h a t  the neu t ra l  o i l  from ca rbon iza t i on  

contains more d i o l e f i n s  than t h a t  from hydrogenation because t h e  un- 

sa tu ra t i on  o f  coal  t a r  i s  reduced i n  the hydrogenation reac t i ons .  

The s lope 

2 

The reason f o r  

The viscosity-change behavior o f  t a r  acids and t a r  bases du r ing  

Although these are q u i t e  au tox ida t i on  a re  shown i n  Figures 8 and 9. 
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similar t o  t ha t  of neutral o i l s ,  bo th  autoxidation mechanisms of t a r  

acids and t a r  bases are somewhat d i f f e ren t .  

tha t  inhibitors ( A H )  may react d i r ec t ly  with oxygen (8) in  the follow- 

ing way: 

Some workers reported 

AH + O2 + A .  + Hop' ( 7 )  

Tar acids contain a large amount of phenols, and t a r  bases contain 

various amines. 

hibitors fo r  hydrocarbon autoxidation. Hence, reaction ( 7 )  must be 

the main reaction involved in the autoxidation of t a r  acids and t a r  

bases. In the absence of other hydrocarbon radicals,  the following 

reaction i s  also. believed t o  take place in the t a r  acids and t a r  

bases (8): 

Both phenols and amines a re  generally used as in-  

AH + H02' -f A .  + H202 (8 1 

Finally the reaction may be terminated by dimerization of A .  r ad ica ls :  

2 A. + A-A (9) 

Hence, assuming steady s t a t e ,  the rate  equation can be expressed as  

d t  = 2K7[02][AH] 

Here the concentration of oxygen ([O,]) can be considered as constant 

because t a r  acids and t a r  bases a re  oxidized in a i r .  

dations of t a r  acids and t a r  bases become a pseudo-first reaction, 

which i s  similar t o  the ra te  equation of the neutral o i l  autoxidation. 

The l inear  plots f o r  - ln(lnq, - Inn) vs. time are  shown in Figures 

10 and 11. 

2.88 x 10- /hr for samples from both carbonization and hydrogenation 

and tha t  for  t a r  bases from both processes i s  3.75 x 10- /hr. 

Thus, the autoxi- 

The apparent ra te  constant of tar-acid autoxidation i s  
2 

2 I t  
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i s  evident t h a t  t h e  composit ion o f  a c t i v e  compounds contained i n  e i t h e r  

t a r  ac ids o r  t a r  bases i s  independent o f  t he  coal l i q u e f a c t i o n  process. 

The dependence o f  t he  v iscos i ty-change r a t e  f o r  the whole- tar  

au tox ida t i on  on t h e  p a r t i a l  pressure o f  oxygen i s  shown i n  Figure 12. 

It can be seen t h a t  a t  oxygen pressures g rea te r  than 50 mm Hg, the 

r a t e  o f  o x i d a t i o n  i s  independent o f  t he  oxygen p a r t i a l  pressure. 

corresponds w i t h  t h e  i n h i b i t e d  o x i d a t i o n  theory (9 ) .  

This  

The temperature e f f e c t  on the viscosity-change behavior f o r  t he  

whole-tar a u t o x i d a t i o n  i s  shown i n  F igure 13. 

temperatures t h e  v i s c o s i t y  changes f a s t e r .  

curves near zero t i m e  a re  taken as the  apparent r a t e  constants f o r  t he  

i n i t i a l  r e a c t i o n  per iod,  a l i n e a r  p l o t  f o r  t he  Arrhenius equation 

(Figure 14) g ives an a c t i v a t i o n  energy o f  9.07 kcal/mole. 

t h e  a c t i v a t i o n  energy o f  a phys ica l -process-contro l led r e a c t i o n  i s  l ess  

than t h i s  value; t he re fo re ,  t he  au tox ida t i on  o f  whole t a r  i s  probably 

n o t  a pu re l y  phys i ca l -p rocess -con t ro l l ed  reac t i on .  

A t  higher r e a c t i o n  

I f  the slopes o f  these 

Usual ly ,  

The e f f e c t  o f  l i g h t  on the  viscosity-change behavior du r ing  the  

au tox ida t i on  o f  whole t a r  i s  shown i n  F igure 15. 

o f  the sample under continuous i r r a d i a t i o n  o f  f l uo rescen t  l i g h t  i s  

higher than t h a t  o f  t he  sample i s o l a t e d  from l i g h t .  

ox idat ion,  t h e  r a t e  o f  format ion o f  r a d i c a l s  Wi i s  d i r e c t l y  p ropor t i ona l  

t o  the dens i t y  of t h e  l i g h t  (3) ;  hence, some compounds contained i n  the 

coal t a r  may be subjected t o  photochemical ox ida t i on .  

The v iscos i ty-change 

I n  photochemical 

Refract ion 

The r e f r a c t i v e - i n d e x  change behavior accompanying the  v i s c o s i t y  change 

dur ing the  whole- tar  au tox ida t i on  i s  shown i n  Figures 1 and 2. 

pure substance, t h e  Lorenz-Lorentz r e f r a c t i o n  equation i s  expressed as (10) 

For a 
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2 
, 

- ’  = $nNb 

n 2  + 2 

in which n represents the refractive index, N represents the number of 

particles per unit volume and g i s  the polarizabili ty of the pa r t i c l e .  

Coal t a r  i s  a complex mixture; therefore, f o r  simplicity the assumption 

i s  made that the internal f i e ld  strength i s  homogeneous t!iroughout the 

l iquid,  and  the polarizabili ty of the individual par t ic le  i s  independent 

of i t s  environment, so the Lorenz-Lorentz refraction equation f o r  coal 

tar can be roughly written as 

t 
I 

- =  n 2 - 1  3 4 n ( x N . 6 . )  

n 2  + 2 1 1  

in which N i  represents the number of par t ic les  of i per un i t  volume and 

Ei  i s  the polarizabili ty of par t ic le  i .  Since whole-tar autoxidation 

appears t o  be a diffusion-controlled reaction, the number of reactant 

molecules disappearing and the number of product molecules qenerated 

are proportional t n  the number of oxygen molecules consumed in the re- 

action, which i s  small compared to  tha t  of whole t a r ;  t h u s ,  subs t i tu t ion  

of equation ( V )  into the Lorenz-Lorentz refraction equation for  coal 

tar the following relation i s  obtained: 

in which 

subscript t indicates the s t a t e  a t  time t .  According t o  equation (VI),  

i f  the refraction ( n 2  - l ) / [ ( n  + 2 ) . d ]  i s  plotted against l n [ ( n o  + y t ) /  

no], a s t ra ight  l i n e  i s  obtained (Figure 16).  The negative slope of 

the l inear plot  i s  a good evidence fo r  polymerization reaction involved 

in coal-tar autoxidation. 

i s  a constant, subscript o indicates the i n i t i a l  s t a t e ,  and 

2 

The polarizabili ty o f  the product i s  n o t  much 
t 
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l a rge r  than t h a t  o f  t he  reactant ,  however the  d i f f e r e n c e  between t h e  

number of r e a c t a n t  molecules which disappeared and t h a t  o f  t h e  product 

molecules generated dur ing the  reac t i on  i s  tremendously b i g .  

t he  net  ga in  o f  t h e  p o l a r i z a b i l i t y  per u n i t  volume i s  negative, and the 

value o f  t h e  p r o p o r t i o n a l  constant 5 o f  equation ( V I )  i s  negat ive.  

Thus, 

Oxygen Content 

The oxygen con ten t  o f  the whole t a r  dur ing au tox ida t i on  i s  shown 

i n  Figure 17. 

au tox ida t i on  i s  a main f a c t o r  leading t o  d e t e r i o r a t i o n  o f  c o a l - t a r  

p roper t i es .  

The continuous increase o f  oxygen content  i nd i ca tes  t h a t  

Iod ine Number 

I o d i n e  number i s  t h e  common designat ion f o r  t he  determinat ion o f  

unsaturat ion v i a  t h e  a d d i t i o n  o f  i od ine  monohalides. The iodine-number 

change f o r  t h e  who le - ta r  au tox ida t i on  i s  shown i n  F igure 18. 

decrease o f  i o d i n e  number w i t h  reac t i on  t ime ind i ca tes  t h a t  o l e f i n s  i n  

the coal t a r  are at tacked by oxygen and saturated by polymer izat ion 

react ions and t h e r e f o r e  p lay  an impor tant  p a r t  i n  c o a l - t a r  au tox ida t i on .  

The 

I n f r a r e d  Absorpt ion Spectra (numbers i n  parentheses i n d i c a t e  wave 

numbers where i n f r a r e d  absorpt ion takes p lace)  

For t h e  whole t a r  autox idat ion,  the oxygen-containing groups such 

1 as phenols (3200-3600 cm- ), hydroperoxides (3400 cm- l ) ,  ca rboxy l i c  

acids (1960-1760 cm- ), and esters  (1250 cm- ) increase; however, t h e  

double bonds (3020-3080 cm-') d im in i sh  (Figures 19 and 20). 

corresponds very w e l l  w i t h  t h e  decrease o f  i od ine  number, i n d i c a t i n g  

1 1 

This  



I 

I 

t h a t  t he  unsaturated hydrocarbons become saturated du r ing  o x i d a t i o n .  

Furthermore, t h e  reduc t i on  o f  amines (1474 cm- ) i nd i ca tes  t h a t  t hey  

take p a r t  i n  t h e  whole-tar autox idat ion.  F i n a l l y ,  t h e  decrease o f  

monosubsti tuted aromat ic compounds (690-71 0, 730-770 cm- ) and t h e  
1 increase o f  in-d isubst i tu ted aromat ic compounds (750-810 cm- ) i n d i c a t e  

t h a t  some aromat ic molecules enlarge by a d d i t i o n  o r  po l ymer i za t i on  

react ions.  

1 

1 

CONCLUSION 

Coal t a r s  a re  e a s i l y  a t tacked by oxygen when they a re  exposed t o  

a i r .  

o f  f ac to rs ,  among which are t h e  composi t ion o f  t he  coal  t a r ,  t h e  r e -  

a c t i o n  temperature and the  oxygen pressure. 

The ease and ex ten t  o f  t h i s  a t tack  are determined by a number 

According t o  t h e  viscosity-change behavior, i t  i s  be l ieved t h a t  

t h e  whole-tar au tox ida t i on  i s  a d i f f u s i o n - c o n t r o l l e d  react ion;  t h e  

autox idat ion o f  neutra l  o i l s  i s  a long-chain,  rad i ca l  react ion,  t h e  

r a t e  o f  which i s  p ropor t i ona l  t o  t h e  concentrat ion o f  hydrocarbon r e -  

actants;  t h e  ox ida t i on  o f  t a r  ac ids,  and t a r  bases i s  a second-order 

react ion,  t h e  r a t e  o f  which i s  p ropor t i ona l  t o  t h e  concentrat ion o f  

t a r  ac ids o r  t a r  bases, and the  p a r t i a l  pressure o f  oxygen. 

The decrease o f  r e f r a c t i o n  o f  coa l  t a r s  as r e a c t i o n  w i t h  oxygen 

proceeds ind i ca tes  t h a t  some polymer izat ion react ions are i nvo l ved  

i n  c o a l - t a r  au tox ida t i on .  

The decrease o f  i o d i n e  number w i t h  r e a c t i o n  t ime  reveals t h a t  t h e  

o l e f i n s  p lay  an impor tant  p a r t  i n  c o a l - t a r  au tox ida t i on .  The same 

conclusion i s  drawn from the  r e s u l t s  o f  t he  i n f r a r e d  absorpt ion analyses. 

To prevent d e t e r i o r a t i o n  o f  coal  - t a r  proper t ies,  coa l  t a r s  should 

be i s o l a t e d  from oxygen and l i g h t ;  o therwise s i g n i f i c a n t  q u a n t i t i e s  o f  
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good oxidation inh ib i tors  are required fo r  s t ab i l i t y .  

Acknowledgement i s  made to  the Office of Coal Research, U. S.  

Department of the  In te r ior  and the University of Utah who supported 
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o f  t i m e  f o r  the au tox ida t i on  (a t  20°C) o f  whole t a r  
obta ined from Hiawatha coal by carbonizat ion.  
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Fig. 2.  V i s c o s i t y  and r e f r a c t i v e - i n d e x  change as a f u n c t i o n  
of t i m e  f o r  t he  au tox ida t i on  ( a t  20°C) o f  whole t a r  
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F ig .  14. L inea r  p l o t  of Arrhenius equation f o r  evaluat ion 
o f  a c t i v a t i o n  energy f o r  i n i t i a l  reac t i on  o f  
whole t a r  w i t h  a i r .  
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t h e  au tox ida t i on  ( a t  20°C) o f  whole t a r  obtained 
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THE DIRECT PRODUCTION OF METHANE 
FROM HEAVY HYDROCARBONS AND STEAM 

N. J. KERTAMUS AND G. 0. WOOLBERT 

THE BABCOCK & WILCOX COMPANY 
ALLIANCE RESEARCH CENTER 

ALLIANCE, OHIO 

1 .0  INTRODUCTION 

Dur ing  t h e  p a s t  seve ra l  years,  much concern and i n t e r e s t  has been focused on t h e  
s o - c a l l e d  s i n g l e - r e a c t o r  concept  f o r  making s u b s t i t u t e  n a t u r a l  gas (SNG) from c o a l .  
I n  p r i n c i p l e ,  t h i s  concept  proposes t o  charge c o a l  and steam as w e l l  as c a t a l y s t s ,  i f  
necessary, i n t o  a s i n g l e  r e a c t o r  t o  genera te  a gas t h a t  c o n t a i n s  methane as t h e  p r imary  
combus t ib le  c o n s t i t u e n t .  
process t o  y i e l d  a p roduc t  gas o f  h i g h  methane c o n c e n t r a t i o n  t h a t  would n o t  r e q u i r e  
e x t e r n a l  methanat ion.  
D i r e c t  P r o d u c t i o n  o f  Hydrocarbons (Methane) f rom Coal-Steam Systems method o r ,  more 
s imp ly ,  as t h e  "Wyoming Concept." 

p o r t e d  by t h e  O f f i c e  o f  Coal Research (OCR) a t  t h e  U n i v e r s i t y  o f  Wyoming under  Con t rac t  

D i l u e n t s  such as a c i d  gases c o u l d  be removed d u r i n g  t h e  

T h i s  s i n g l e - r e a c t o r  concept  i s  g e n e r a l l y  r e f e r r e d  t o  as The 

The i n i t i a l  concept  was developed a t  t h e  U n i v e r s i t y  o f  Wyoming and has been sup- 

14-01-0001 -1 196. 

About 1 y e a r  ago o u r  Process Eng ineer ing  Group developed process f l o w s h e e t s  and 
approx imate c o s t s  f o r  e r e c t i n g  and o p e r a t i n g  e q u i v a l e n t  s i zed  p l a n t s  u s i n g  d i f f e r e n t  
t e c h n o l o g i e s  t o  produce medium (300-500) and h i g h  (1000) B tu  gas. 
s tudy  suggested t h a t ,  i f  coa l  c o u l d  be g a s i f i e d  t o  methane d i r e c t l y  by u s i n g  steam i n  
t h e  process, such a concept  would have a d e f i n i t e  economic advantage ove r  o t h e r  g a s i f i -  
c a t i o n  t e c h n o l o g i e s  p r e s e n t l y  be ing  developed. 

To s u b s t a n t i a t e  ou r  Process Eng ineer ing  c a l c u l a t i o n s ,  a l i m i t e d  exper imenta l  
program was i n i t i a t e d  t o  assess the  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  concep t .  T h i s  paper 
summarizes t h e  r e s u l t s  o f  t h a t  program. 

The r e s u l t s  o f  t h i s  

2 .0 BACKGROUND 

As a company, Babcock and Wilcox has been i n t e r e s t e d  i n  coa l  g a s i f i c a t i o n  f o r  
Our accomplishments range f rom t h e  c o n s t r u c t i o n  o f  an  oxygen-blown ove r  20 yea rs .  

g a s i f i e r  f o r  t h e  DuPont Company i n  t h e  m id  1950's  t o  t h e  c u r r e n t  c o n s t r u c t i o n  o f  t h e  
B IGAS g a s i f i e r  t h a t  w i l l  be b u i l t  a t  Homer City, Pennsylvania.  

So t h a t  t h e  reader  w i l l  understand ou r  r a t i n g  o f  p roduc t  gas q u a l i t y ,  we w i l l  
i d e n t i f y  a l ow  B tu  gas as one t h a t  produces 80-150 B tu /sc f ,  a medium B t u  gas as one 
t h a t  produces 300-500 B tu /sc f ,  and a h i g h  B t u  gas as one t h a t  c o u l d  se rve  as a p ipe -  
l i n e  gas (i.e., -1000 B t u / s c f ) .  The d i f f e r e n c e  between low  and medium B tu  gas stems 
f rom t h e  use o f  a i r  o r  oxygen as t h e  b low ing  medium. 
n i t r o g e n  i s  p resen t  as a d i l u e n t  i n  t h e  l o w  B t u  gas. 
r e a d i l y  removed f rom t h e  p roduc t  gas. 

(H2) and carbon monoxide (CO) w i t h  a h e a t i n g  v a l u e  o f  320 B t u / s c f .  
depending on t h e  s p e c i f i c  g a s i f i c a t i o n  process, a medium Btu gas may c o n t a i n  a low 
c o n c e n t r a t i o n  o f  h i g h e r  hydrocarbon gases f o r  a h e a t i n g  v a l u e  i n  excess o f  320 Btu/ 
s c f .  

The ma jo r  d i f f e r e n c e  i s  t h a t  
N i t rogen ,  o f  course,  i s  n o t  

Medium Btu gas, a f t e r  t h e  removal o f  a c i d  gases, c o n s i s t s  p r i m a r i l y  o f  hydrogen 
I n  a d d i t i o n ,  
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I n  t h e  p roduc t i on  o f  h i g h  Btu gas, methane i s  generated i n  seve ra l  ways. Two 
i m p o r t a n t  r o u t e s  f o r  i t s  p r o d u c t i o n  a r e  as f o l l o w s :  

0 Dur ing  the g a s i f i c a t i o n  s t e p  by p y r o l y s i s  o f  t h e  coa l  and/or  h y d r o g a s i f i c a t i o n  
o f  t h e  v o l a t i l e  m a t t e r .  
By r e a c t i o n  o f  t h e  H2 and CO e x t e r n a l l y  on t h e  s u r f a c e  o f  t h e  c a t a l y s t  t o  
fo rm CH4 (me thana t ion ) .  

I n  terms o f  g a s i f i c a t i o n  e f f i c i e n c y  ( i . e . ,  B tu  c o n t e n t  o f  c o a l  conve r ted  t o  B t u ' s  
as methane), t h e  f i r s t  r o u t e  i s  p r e f e r r e d .  For example, i f  char  i s  f i r s t  g a s i f i e d  t o  
CO and H2 and then r e a c t e d  t o  f o r m  methane v i a  t h e  second path,  t h e  g a s i f i c a t i o n  
e f f i c i e n c y  i s  69%, assuming c o l d  r e a c t a n t s  and an end p o i n t  t h e o r e t i c a l  temperature 
i n  t h e  g a s i f i e r  o f  1500°F. I f, on t h e  o t h e r  hand, methane can be coupled t o  t h e  
g a s i f i c a t i o n  process so t h a t  2.453 C f 2H20 + 0.453 0 2  = CH4 + 1.453 CO2 ( a l s o  s t a r t -  
i n g  w i t h  c o l d  r e a c t a n t s  and w i n d i n g  up a t  15OO0F), t h e n  t h e  t h e o r e t i c a l  g a s i f i c a t i o n  
e f f i c i e n c y  i s  c l o s e  t o  90%. 

2.1 PREVIOUS WORK 

Development e f f o r t  on t h e  d i r e c t  methanat ion process r e p o r t e d  i n  t h e  l i t e r a t u r e  
c o n s i s t e d  p r i m a r i l y  o f  b a t c h - t y p e  t e s t s  a t  t he  bench s c a l e  l e v e l .  The p u b l i s h e d  r e s u l t s  
suggest t h a t  t h e  f o l l o w i n g  exper imen ta l  procedure would p r o v i d e  t h e  b e s t  approach t o  
t h e  problem (see r e f e r e n c e s ) .  

Coal was f i r s t  mixed w i t h  c a u s t i c  (K2CO3), t hen  charged t o  t h e  upst ream p a r t  o f  
a sma l l  ( - 1 / 2 - i n c h  I D )  r e a c t o r  6 f e e t  i n  l e n g t h .  A n i c k e l  methanat ion c a t a l y s t  was 
e i t h e r  p laced  downstream o r  i n t i m a t e l y  mixed w i t h  t h e  c o a l  and c a u s t i c .  A f t e r  e l e c -  
t r i c a l  r e s i s t a n c e  hea te rs  hea ted  t h e  system t o  t e s t  temperature,  water  ( o r  steam) was 
fed t o  r e a c t  o r  g a s i f y  t h e  c o a l .  
T y p i c a l  t e s t  c o n d i t i o n s  were a s  f o l l o w s :  

O f f  gas volume was measured and p e r i o d i c a l l y  analyzed.  

Temperature, OF 1200 - 1400 
Pressure, p s i g  Atmospheric - 800 
Coal Weight, gm 125 
KzCO3 Weight, gm 15 
Ni Methanat ion C a t a l y s t  Weight, gm 
H20 Rate, ml/hr 4 - 8  

50 - 100 

2.2 LIMITATIONS 

Dur ing  t h e  r e v i e w  o f  p u b l i s h e d  r e s u l t s  on g a s i f i c a t i o n  and t h e  methanat ion 
c a t a l y s t  s t a t e - o f - t h e - a r t  conducted b e f o r e  i n i t i a t i n g  o u r  exper imenta l  program, we 
i d e n t i f i e d  severa l  p o t e n t i a l  l i m i t a t i o n s  t h a t  c o u l d  s e v e r e l y  l i m i t  success fu l  a p p l i c a -  
t i o n  o f  t h e  concept. These l i m i t a t i o n s  a r e  d iscussed below. 

2.2.1 Methanat ion C a t a l y s t  L i f e  

Major  concern c e n t e r s  on t h e  a n t i c i p a t e d  " l i f e "  o f  t h e  expensive n i c k e l  methana- 
t i o n  c a t a l y s t .  T h i s  c a t a l y s t  s e l l s  f o r  about  $3.00 p e r  pound. 
b a t c h  t e s t s ,  t h a t  i s ,  g a s i f y i n g  125 pounds o f  ca rbon  consuming 100 pounds of c a t a l y s t ,  
i n d i c a t e s  a p r o j e c t e d  c a t a l y s t  c o s t  o f  abou t  $150 per  1000 s c f  o f  methane produced. 
I f  we assume repeated 7-1/2 h o u r  c y c l e s  i n t e r m i t t e n t l y  cha rg ing  f r e s h  cha r ,  t h e  n i c k e l  
c a t a l y s t  must l a s t  f o r  15 months t o  d r i v e  c a t a l y s t  c o s t  down t o  $ . l o  p e r  1000 scf  of 
methane produced. 

The environment s u r r o u n d i n g  t h e  n i c k e l  me thana t ion  c a t a l y s t  i s  ex t reme ly  harsh.  
Opera t i on  a t  1200°F r e p r e s e n t s  a temperature s i g n i f i c a n t l y  h i g h e r  than  t h a t  no rma l l y  
used i n  methanat ing Hp and CO. 

S c a l i n g  t h e  p rev ious  

I n  a d d i t i o n ,  t h e  p o s s i b l e  e f f e c t s  o f  t h e  s u l f u r ,  ash, 
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and coke fo rm ing  e n t i t i e s  on  t h e  l i f e  expectancy o f  t h e  n i c k e l  c a t a l y s t  a r e  n o t  c u r -  
r e n t l y  known. 
f o l l o w i n g  areas: 

Our concern f o r  t h e  l i f e  o f  t h e  c a t a l y s t  t h e r e f o r e  r e l a t e s  t o  t h e  

0 S i n t e r i n g  o f  t h e  c a t a l y s t  a t  h i g h  temperatures 

S u l f u r  p o i s o n i n g  
0 D e a c t i v a t i o n  by cok ing  and ash 

2.2.2 Low Throughput - Batch  

o f  c a t a l y s t ,  t h e  l o w  we igh t  h o u r l y  space v e l o c i t y  (WHSV) - WHSV = 125 l b  coa1/100 l b  
N i  cata lystJ7.4 l i r s  = 0.17 -may l i m i t  a p p l i c a t i o n  o f  t h e  concept ,  even w l t h  a du rab le  
l o n g - l i f e  c a t a l y s t .  

t h e  c o a l  c a t a l y s t  m i x .  
250 x 106 scf-SNG per  day seems u n r e a l i s t i c .  
( con t i nuous  cha rg ing  o f  hydrocarbon)  i s  paramount t o  t h e  success o f  t h e  concept .  

The low  c o a l  t h roughpu t  r a t e  may be due t o  t h e  f a c t  t h a t  t h e  endothermic carbon- 
steam r e a c t i o n  t o  CO and H2 does n o t  occu r  a t  a r a p i d  r a t e ,  even c a t a l y z e d  w i t h  K2CO3 
a t  1200 t o  1400°F. On t h e  o t h e r  hand, a temperature o f  1200°F r e p r e s e n t s  a h ighe r  
than  optimum tempera tu re  f o r  methanat ion.  The o v e r a l l  concept  s e t t l e s  f o r  a t r a d e o f f  
a t  temperatures below t h a t  d e s i r a b l e  f o r  r a p i d  g a s i f i c a t i o n  b u t  h i g h e r  t h a n  t h a t  
d e s i r e d  f o r  good methanat ion.  

Using t h e  p u b l i s h e d  r e s u l t s  as a b a s i s  f o r  e s t i m a t i n g  c o a l  t h roughpu t  p e r  u n i t  

The concept, as tes ted ,  i n v o l v e s  b a t c h  o p e r a t i o n  w i t h  i n t e r m i t t e n t  cha rg ing  o f  
S c a l i n g  up  t h e  b a t c h  o p e r a t i o n  t o  p l a n t s  w i t h  c a p a c i t i e s  o f  

Demonstrat ion o f  con t i nuous  o p e r a t i o n  

3.0 OBJECTIVE 

The f o c a l  p o i n t  o f  t h e  exper iments was t h e  demons t ra t i on  o f  l o n g  methanat ion 
c a t a l y s t  " l i f e "  i n  t h e  d i r e c t  p r o d u c t i o n  o f  methane f rom coa l  ( o r  c o a l - l i k e  hydro- 
carbons)  w i th  steam i n  a con t inuous  r e a c t o r .  Pursuant  t o  ou r  ma jo r  aim, c a t a l y s t s  
were a l s o  surveyed a t  120OOF t o  f i n d  t h e  " b e s t "  c a t a l y s t  t o  methanate CO and H2 - some 
i n  t h e  presence o f  s u l f u r .  

4 .0  EXPERIMENTAL EQUIPMENT - PROCEDURE 

4.1 METHANATION CATALYSTS - 1200°F 

The apparatus used t o  t e s t  methanat ion c a t a l y s t s  a t  1200°F i s  sketched i n  F i g u r e  
1. The r e a c t i o n  c o n s i s t e d  o f  a 1 - i n c h  I D  Vycor tube  f i l l e d ,  no rma l l y ,  w i t h  4 i nches  
o f  c a t a l y s t .  Space v e l o c i t i e s  ranged f rom 250 t o  2000, w h i l e  t h e  H2 t o  CO r a t i o  was 
a l s o  v a r i e d  f rom 4 : l  t o  1 . 6 : l .  Hydrogen s u l f i d e ,  when used, ranged f rom 0.5 t o  2.0 
volume pe rcen t .  

capable o f  a n a l y z i n g  H2, 02, N2. CH4, CO and C02. 
f rom a chromatograph by u s i n g  t h e  peak h e i g h t  t echn ique .  
r u n  p e r i o d i c a l l y  t o  check f o r  s h i f t s  i n  peak h e i g h t .  

E x i s t i n g  gases were d r i e d  and passed th rough  a F i s h e r  Gas P a r t i t i o n e r ,  which i s  
The methane y i e l d  was determined 

C a l i b r a t i o n  samples were 

4.2 DIRECT PRODUCTION OF METHANE 

The apparatus used i n  t h i s  phase i s  shown i n  F igu res  2 and 3. Two Lapp pumps 
were used t o  f o r c e  t h e  feeds tock  and/or  water  a t  e leva ted  pressures i n t o  t h e  r e a c t o r .  
The r e a c t o r  shown i n  F i g u r e  3 i s  4 f e e t  l o n g  and has a 1 - i n c h  IO. It i s  designed t o  
w i t h s t a n d  temperatures o f  1500°F and pressures o f  1000 p s i g .  
p laced  i n  t h e  m i d d l e  o f  t h e  r e a c t o r  and heated t o  t h e  d e s i r e d  tempera tu re  by a L indberg  

The c a t a l y s t  bed i s  
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f u rnace .  The temperature i s  mon i to red  by t h r e e  thermocouples l o c a t e d  i n  t h e  thermo- 
w e l l  i n s i d e  t h e  r e a c t o r .  
t h e  p ressu re  t o  be c o n t r o l l e d .  

The pressure i s  reco rded  and c o n t r o l l e d  by a T a y l o r  Fulscope Recorder C o n t r o l l e r .  
P r o v i s i o n s  have a l s o  been made t o  i n t r o d u c e  gases under  p ressu re  w i t h  c o n t r o l l e d  f l o w .  
The p roduc t  gas f rom t h e  r e a c t o r  i s  sampled p e r i o d i c a l l y  f rom a water  t r a p  and passed 
t h r o u g h  a F i she r  Gas P a r t i t i o n e r  which determines t h e  methane y i e l d .  The remainder  o f  
t h e  p roduc t  gas, l e s s  t h e  sma l l  amount used f o r  t h e  chromatograph, passes th rough  a 
wet t e s t  meter  which measures t h e  amount o f  gas produced. 

Severa l  f a i l - s a f e  d e v i c e s  a r e  i n c o r p o r a t e d  i n t o  t h e  system. I f  t h e  temperature 
w i t h i n  t h e  r e a c t o r  r i s e s  above a predetermined l e v e l ,  t h e  complete system shu ts  down. 
Sensors m o n i t o r  r e a c t o r  p r e s s u r e  so t h a t  e i t h e r  t o o  h i g h  an  upstream p ressu re  o r  t o o  
l o w  a downstream p ressu re  s h u t s  down t h e  complete system. 
a one-man o p e r a t i o n  w i t h  t h e  p o s s i b i l i t y  o f  unattended, con t inuous  opera t i on ,  i f  
necessary. 

The p roduc t  gas passes th rough  a motor v a l v e  which a l l o w s  

Th is  system i s  des igned f o r  

4.3 FEEDSTOCKS 

Dur ing  t h e  d i r e c t  p r o d u c t i o n  o f  methane phase o f  t h e  t e s t i n g ,  a number o f  d i f f e r e n t  
f eeds tocks  were t r i e d .  D i r e c t  i n j e c t i o n  of coa l  under pressure was n o t  cons ide red  
f e a s i b l e  i n  ou r  smal l  l a b o r a t o r y  r e a c t o r ,  so f u r t h e r  ba tch  t e s t s  were conducted us ing  
char .  Dur ing these t e s t s  samples o f  char  were mixed w i t h  c a t a l y s t s ,  p laced i n  t h e  
r e a c t o r  and steamed a t  s p e c i f i c  temperatures and pressures.  

To e v a l u a t e  t h e  f e a s i b i l i t y  o f  con t i nuous  o p e r a t i o n ,  f eeds tocks  were chosen t h a t  
c o u l d  be c o n t i n u o u s l y  i n j e c t e d  i n t o  t h e  r e a c t o r .  Four feedstocks t h a t  c o u l d  be con- 
t i n u o u s l y  added wi th steam t o  t h e  r e a c t o r  were c o a l  t a r ,  benzene, No. 2 f u e l  o i l ,  and 
anthracene o i l .  Anthracene o i l  was chosen f o r  f u r t h e r  t e s t i n g  because o f  i t s  ease i n  
h a n d l i n g  and i t s  s i m i l a r i t y  i n  compos i t i on  t o  coa l ,  e s p e c i a l l y  i t s  H / C  r a t i o  (see 
Tab le  1 ) .  

4.4 CATALYSTS 

O f  t h e  55 d i f f e r e n t  c a t a l y s t s  t e s t e d ,  1 0  were commerc ia l ly  a v a i l a b l e  methanat ion 
c a t a l y s t s  and 45 were l a b o r a t o r y - p r e p a r e d  c a t a l y s t s  u s i n g  accepted c a t a l y s t  p r e p a r a t i o n  
techniques.  C a t a l y s t s  were prepared by impregnat ion,  i o n  exchange, and decomposi t ion.  
Many d i f f e r e n t  promoters and comb ina t ions  o f  promoters were examined. 
c a t a l y s t s  were c a l c i n e d  a t  1200°F and a c t i v a t e d  u s i n g  t h e  s tandard  a c t i v a t i o n  procedure.  
Comnercial c a t a l y s t s  were a c t i v a t e d  u s i n g  t h e  manufacturers' recommended procedure (see 
5.0) .  

A l l  p repared 

5.0 RESULTS 

5.1 METHANATION CATALYST SURVEY 

Tab le  2 p rov ides  a s e l e c t e d  l i s t  o f  c a t a l y s t s  t e s t e d  and t h e i r  methane y i e l d s  a t  
a H2 t o  CO r a t i o  o f  3 t o  1 under  v a r y i n g  c o n d i t i o n s  o f  space v e l o c i t y  and H2S. 
observed t h a t  t h e  n i c k e l  ( N i )  promoted c a t a l y s t s  l o s t  a c t i v i t y  as t h e  c a t a l y s t  bed was 
s u l f i d e d .  
was poisoned by the  H2S i n  t h e  gas feeds tock .  
increased,  t h e  methane y i e l d  decreased f o r  t hese  o t h e r  c a t a l y s t s .  

A l l  t e s t s  were r u n  a t  a tmospher ic  c o n d i t i o n s ,  and most were sho r t - te rm t e s t s  
r a n g i n g  from 6 t o  8 hours.  
as a f u n c t i o n  of t i m e  and H2S c o n c e n t r a t i o n ,  b u t  a l l  t h e  o t h e r  c a t a l y s t s  decreased as 

We 

Moreover, as t h e  space v e l o c i t y  was 
Other  meta l  c a t a l y s t s  were t r i e d ;  however, except  f o r  p la t i num ( P t ) ,  each 

The p l a t i n u m  c a t a l y s t s  showed no decrease i n  r e a c t i v i t y  

4 

1 
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t h e  t i m e  o f  t h e  t e s t  w i t h  H2S was extended. 
v e r y  r e s i s t a n t  t o  h i g h  temperatures and should be  cons ide red  a n  e x c e l l e n t  suppor t  f o r  
h i g h  tempera tu re -h igh  p ressu re  work. 

The Nor ton,  l ow  s u r f a c e  a rea  suppor t  i s  

t 

5.2 DIRECT PRODUCTION OF METHANE 

A da ta  sheet o f  s e l e c t e d  r e s u l t s  i s  p rov ided  i n  Tab le  3 .  The temperatures,  

An 
pressures,  feedstock,  c a t a l y s t ,  p roduc t  gas produced, and we igh t  o f  methane produced 
a r e  t a b u l a t e d .  
example o f  one o f  ou r  cu rves  appears i n  F i g u r e  4.  
t h a t  we c o u l d  determine t h e  base f o r  each feeds tock  and b e t t e r  understand t h e  c a t a l y s t  
performance. 
t h e  t e s t s  were te rm ina ted  because p lugs  formed i n  t h e  r e a c t o r .  

One problem was t o  de te rm ine  t h e  b e s t  way t o  i n t r o d u c e  t h e  a l k a l i  m a t e r i a l  needed 
t o  enhance g a s i f i c a t i o n .  
w i t h o u t  K2CO3 were steamed a t  a water  r a t e  o f  65 m l /h r .  Assuming t h e  s t o i c h i o m e t r y  t o  
be 2C f 3H20 = 3Hz f CO + Cop, t h e  t h e o r e t i c a l  y i e l d  would be 35 scf g a s / l b  H20.. I n  
t h e  exper iments w i t h o u t  K CO3. 7.1 s c f  g a s / l b  H20 was produced f o r  a 20% t h e o r e t i c a l  
y i e l d ,  whereas 25 grams o f  K2CO3 gave 25.0 s c f  g a s / l b  H20, o r  a 71% t h e o r e t i c a l  y i e l d .  
Therefore,  K?C03 i s  o b v i o u s l y  needed t o  a c c e l e r a t e  t h e  g a s i f i c a t i o n  r e a c t i o n .  Three 
methods f o r  i n t r o d u c i n g  K2CO3 were t r i e d  i n  ou r  con t inuous  t e s t i n g  program. 
method i n v o l v e d  t h e  d i r e c t  a d d i t i o n  o f  K2CO3 t o  t h e  feeds tock  b e f o r e  i n j e c t i o n  i n t o  
t h e  r e a c t o r .  A second method t r i e d  t h e  d i r e c t  impregna t ion  o f  K2CO3 i n t o  t h e  c a t a l y s t  
used f o r  methanat ion.  
t o  t h e  methanat ion c a t a l y s t  bed. The f i r s t  method proved t o  be t h e  b e s t  procedure. 

From t h e  r e s u l t s  i n  Tab le  4, seve ra l  genera l  conc lus ions  were drawn. I n  a l l  
exper iments,  t h e  feeds tock  convers ion  decreased as a f u n c t i o n  o f  t ime ;  the re fo re ,  t h e  
gas p r o d u c t i o n  decreased. The c a t a l y s t  a c t i v i t y  a l s o  decreased as a f u n c t i o n  o f  t ime;  
the re fo re ,  t h e  methane y i e l d  decreased ( F i g u r e  4 ) .  A number o f  t h e  c a t a l y s t s  used were 
found t o  be  regenerab le  a f t e r  an  o x i d a t i o n  and r e d u c t i o n  scheme, b u t  t h e  decreases i n  
feedstock convers ion  and methane y i e l d  were a g a i n  observed. 

Two p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  decrease i n  methane y i e l d  have been suggested. 
One i s  t h a t  t h e  m e t a l l i c  n i c k e l  su r face ,  which forms t h e  a c t i v e  s i t e  f o r  methane p ro -  
d u c t i o n ,  has been d e a c t i v a t e d  by t h e  f o r m a t i o n  o f  n i c k e l  c a r b i d e  (Ni3C).  
p o s s i b i l i t y  i s  t h a t  amorphous carbon formed d u r i n g  t h e  r e a c t i o n  p l u g s  t h e  c a t a l y s t  
sur face and p reven ts  t h e  H2 and CO gas m i x t u r e  f rom making c o n t a c t  w i t h  t h e  a c t i v e  
n i c k e l .  
c a t a l y s t  has been observed a t  t h e  c o n d i t i o n s  e s t a b l i s h e d  i n  our  t e s t s .  

Our y i e l d  da ta  was eva lua ted  by i n t e g r a t i n g  under t h e  cu rve .  
The f i r s t  f o u r  t e s t s  were r u n  so 

These t e s t s  ranged i n  l e n g t h  f rom 1 t o  30 hours, a l t h o u g h  a number o f  
. 

I n  p rev ious  exper iments,  200 grams o f  l i g n i t e  c o a l  w i t h  and 

One 

The l a s t  method added a c t i v a t e d  a lumina impregnated w i t h  K2CO3 

The second 

W i t h  t h e  low s u l f u r  f eeds  no d e t e c t i o n  o f  s u l f u r  po i son ing  of t h e  n i c k e l  

6.0 CONCLUSIONS 

6.1 METHANATION CATALYST SURVEY AT 1200°F 

Of t h e  55 c a t a l y s t s  examined, t h e  n i c k e l  ( N i )  promoted c a t a l y s t  p r o v i d e d  t h e  b e s t  
a c t i v i t y  f o r  t h e  p r o d u c t i o n  o f  methane f rom a hydrogen and carbon monoxide gas m i x t u r e .  
We a l s o  found t h a t  a l l  n icke l -promoted c a t a l y s t s  were d e a c t i v a t e d  when a gas c o n t a i n i n g  
H2S was passed ove r  t h e  bed. Other  metal-promoted c a t a l y s t s  were examined and, except  
f o r  p l a t i n u m  ( P t ) ,  each was poisoned by t h e  H z S  i n  t h e  gas feeds tock .  The m a j o r  draw- 
back t o  u s i n g  t h e  plat inum-promoted c a t a l y s t  i s  i t s  h i g h  c o s t .  I t  i s  o u r  o p i n i o n  t h a t  
t h e  conven t iona l  me thana t ion  ca ta l ys ts  a r e  n o t  s u i t a b l e  f o r  o p e r a t i o n  a t  t hese  c o n d i t i o n s  
(1200°F and H2S) and t h a t  f u r t h e r  c a t a l y s t  development i n  t h i s  area i s  needed. 

6.2 DIRECT PRODUCTION OF METHANE 

I n  t h e  d i r e c t  conve rs ion  o f  hydrocarbon feedstocks t o  methane, we have observed, 
i n  a l l  cases, a decrease i n  b o t h  gas p r o d u c t i o n  and methane y i e l d  a s  t h e  t e s t  con t i nued .  
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T h i s  decrease was a t t r i b u t e d  t o  c a t a l y s t  i n s t a b i l i t y  a t  t h e  e s t a b l i s h e d  o p e r a t i n g  
c o n d i t i o n s .  We t r i e d  a number o f  d i f f e r e n t  hydrocarbon feedstocks,  except  c o a l ,  and 
a l l  o u r  d a t a  have r e v e a l e d  t h e  same r e s u l t s .  A number o f  d i f f e r e n t  c a t a l y s t s  were 
t r i e d ,  and a l l  showed t h a t  ca rbon  d e p o s i t i o n  (Ni3C) on t h e  a c t i v e  s u r f a c e  d e a c t i v a t e d  
t h e  c a t a l y s t .  We f e e l  t h a t  t h e  h e a r t  o f  t h i s  concept  i s  t h e  c a t a l y s t .  Be fo re  suc- 
c e s s f u l  o p e r a t i o n  on  a c o n t i n u o u s  b a s i s  i s  achieved, a b e t t e r  c a t a l y s t  system must be 
developed. 
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TABLE 1 

FEEDSTOCK COMPOSITIONS 

Anthracene 
Char 

BT U 16,340 19,400 17,986 16,680 13,960 
H 5.5 12.7 7.7 6.0 1 .o 
C 90.9 86.7 92.3 91.6 80.0 
N 0.83 - -  -_  .54 --  
S 0.7 . 4  .5 .4 

- _  .02 13.9 Ash .29 --  

- Coal Tar #2 Fue l  O i l  Benzene O i l  

_- 
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T h i s  p a p e r  is a p r e s e n t a t i o n  o f  the  c a s e  for the i m m e d i a t e  
c o n s t r u c t i o n  of a c o m m e r c i a l  s i z e  p l a n t  f o r  the p r o d u c t i o n  of h y d r o g e n  
from c o a l  and  n u c l e a r  e n e r g y .  Hydrogen is the i d e a l  s o u r c e  o f  e n e r g y  
for  s p a c e  h e a t i n g  a n d  f o r  electric power. S i n c e  h y d r o g e n  b u r n s  to  
w a t e r ,  power s o u r c e s  u s i n g  t h i s  f u e l  w i l l  n o t  p o l l u t e  t he  a t m o s p h e r e .  
T h e r e  a r e  i m p o r t a n t  s a v i n g s  when e n e r g y  is t r a n s m i t t e d  a s  h y d r o g e n  
r a t h e r  t h a n  a s  e lec t r ic  c u r r e n t .  A s t a n d a r d  c u b i c  foot o f  hydrogen  
c o n t a i n s  more e n e r g y  t h a n  a n  e q u a l  volume of other g a s e o u s  f u e l s .  The  
cost of t r a n s m i t t i n g  h y d r o g e n  b y  p i p e  l i n e  w i l l  be l o w ,  i n  p a r t  due  t o  
the a v a i l a b i l i t y  o f  i n s t r u m e n t s  which c a n  q u i c k l y  d e t e c t  i n f i n i t e s i m a l  
amoun t s  of l e a k i n g  g a s .  It is p o s s i b l e  to  e c o n o m i c a l l y  s h i p  h y d r o g e n  
b y  pipe l i n e  f o r  a t  l e a s t  a t h o u s a n d  m i l e s .  

A l t h o  e l e c t r i c i t y  c a n  be t r a n s m i t t e d  over h igh  v o l t a g e  l i n e s  f o r  
a b o u t  500 m i l e s ,  the e n e r g y  losses i n  t r a n s m i s s i o n  a r e  s u b s t a n t i a l .  
Hydrogen w i l l  a l s o  be p r e f e r r e d  b y  e n v i r o n m e n t a l i s t s  when compared to  
electric power.  Hydrogen p i p e  l i n e s  w i l l  b e  u n d e r g r o u n d ,  and  f a r m i n g  
o p e r a t i o n s  c a n  be c a r r i e d  o u t  over them. On the other hand  h i g h  
v o l t a g e  power l i n e s  a r e  u n s i g h t l y  a n d  c a u s e  many d i f f i c u l t i e s  t o  
f a m i l i e s  who live n e a r  t h e m .  

The i d e a l  e lectr ic  power s u p p l y  w i l l  b e  a h y d r o g e n  a i r  f u e l  c e l l  
s y s t e m .  (1) The D .  C .  power p r o d u c e d  w i l l  be t r a n s m i t t e d  t h r o u g h  
sodium f i l l e d  p l a s t i c  t u b e s .  T h e s e  power c o n d u c t o r s  c a n  be l o c a t e d  
u n d e r g r o u n d .  S i n c e  the e l e c t r i c i t y  w i l l  be p r o d u c e d  close t o  the 
e lectr ic  power c o n s u m e r ,  t r a n s m i s s i o n  l i n e  losses w i l l  be s m a l l .  
R e p l a c i n g  copper c o n d u c t o r s  w i t h  s o d i u m  c o n d u c t o r s  w i l l  r e s u l t  i n  
s u b s t a n t i a l  c a p i t a l  cost s a v i n g s .  

Hydrogen  is now u s e d  t o  make ammonia and  a c h e a p e r  s o u r c e  o f  
h y d r o g e n  is n e c e s s a r y  before it c a n  be u s e d  t o  make e l e c t r i c i t y .  
The c o o p r a t i v e  a c t i o n  o f  t w o  s o u r c e s  o f  e n e r g y  is n e c e s s a r y  f o r  t h e  
p r o d u c t i o n  of c h e a p  h y d r o g e n .  T h e s e  t w o  s o u r c e s  are l a s e r  i n d u c e d  
n u c l e a r  f u s i o n  and b i t u m i n o u s  c o a l .  The f u s i o n  e n e r g y  p l a n t  d e s i g n  
is t o  be b a s e d  on  a Lawrence  L i v e r m o r e  l a b o r a t o r i e s  1000 megawa t t  
power p l a n t .  ( 2 )  The coal e n e r g y  p l a n t  d e s i g n  f o l l o w s  U . S .  S t e e l ' s  

and  c l e a n  c h a r  from U.S. S t e e l ' s  p r o c e s s  a r e  the p r i n c i p a l  raw 
m a t e r i a l s  f o r  the p r o d u c t i o n  of c h e a p  h y d r o g e n .  

1 Clean-Char  p r o c e s s .  ( 3 )  F i g u r e  1. S team p l u s  the c l e a n  f u e l  g a s  

P h o t o c h e m i c a l  e n e r g y  for the e n d o t h e r m i c  c a r b o n  s t e a m  r e a c t i o n  
is t o  be o b t a i n e d  from micro H bomb e x p l o s i o n s .  The r a d i a n t  e n e r g y  
f r o m  the micro H bomb is to  be a b s o r b e d  b y  a s t e a m  f o g g e d  m i x t u r e  o f  
b a r i u m  h y d r o x i d e  and c h a r  a s  shown i n  F i g u r e  2 .  The overa l l  p r o c e s s  
e q u a t i o n  is 

BaO + C + 2 H 2 0  4 BaC03 + 2H2. 1) 
E q u a t i o n  1)  is s i m i l a r  t o  the  C 0 2  a c c e p t o r  p r o c e s s  (4). e x c e p t  t h a t  
BaO is s u b s t i t u t e d  f o r  C a O .  U s i n g  b a r i u m  i n s t e a d  o f  c a l c i u m  w i l l  
a l low c o m p l e t e  a b s o r p t i o n  of the f u s i o n  e n e r g y .  The r e a c t i o n  chamber  
w i l l  need to b e  large e n o u g h  t o  absorb the x - r a y s  p r o d u c e d  b y  the 
micro H bomb gamma r a y s .  I n  a q u e o u s  e n v i r o n m e n t s  t he  p r i n c i p a l  e n d  
r e s u l t s  of x - r a y  a b s o r p t i o n  is r u p t u r e  of h y d r o g e n  oxygen  b o n d s .  



T h i s  p h o t o c h e m i c a l  p r o c e s s  c a n  be r e g a r d e d  a s  a f i r s t  o r d e r  r e a c t i o n  
w i t h  r e s u l t i n g  h i g h  e f f i c i e n c y  and  l o w  cost .  

A s  s h o w n  i n  F i g u r e  3 the  raw m a t e r i a l s  f o r  t h e  m i c r o  H bomb a r e  
d e u t e r i u m ,  t r i t ium and  h e l i u m - 3 .  T r i t i u m  and h e l i u m - 3  can  be r e c o v e r e d  
f rom the m i c r o  H bomb e x p l o s i o n  o u t  g a s e s .  A l t h o  d e u t e r i u m  can  be 
p u r c h a s e d  it w i l l  p r o b a b l y  be m a n u f a c t u r e d  on si te f rom r i v e r  w a t e r  
a n d  e n e r g y  d e r i v e d  f r o m  b u r n i n g  c o a l .  The b y - p r o d u c t  f rom t h e  micro 
H bomb e x p l o s i o n  is H e l i u m - 4 .  I t  c a n  be s e p a r a t e d  from the e x p l o s i o n  
out g a s e s  b y  p a s s a g e  t h r o u g h  a n  u l t r a  c e n t r i f u g e .  

The cost o f  t h e  h y d r o g e n  p r o d u c e d  c a n  b e  s u b s t a n t i a l l y  r educed  
b y  the s a l e  of b y - p r o d u c t s  f rom U.S. S t e e l ' s  C l e a n  Char  p r o c e s s .  ( 3 )  
A w ide  v a r i e t y  o f  b y - p r o d u c t s  b a s e d  o n  compounds d e r i v e d  f rom c a r b o n ,  
n i t r o g e n  or s u l f u r  a r e  a v a i l a b l e .  T h e r e  s h o u l d  be s u f f i c i e n t  f l e x i -  
b i l i t y  i n  the h y d r o g e n  m a n u f a c t u r i n g  p r o c e s s e s ,  so t h a t  the b y - p r o d u c t  
m i x  c a n  be v a r i e d  t o  s u i t  v a r y i n g  m a r k e t  c o n d i t i o n s .  Most p r o b a b l y  
the n i t r o g e n  and s u l f u r  w i l l  g o  i n t o  f e r t i l i z e r s .  Most c a r b o n  
compounds w i l l  be u s e d  f o r  f u e l ,  b u t  some o f  t h e  h y d r o c a r b o n  by- 
p r o d u c t s  may be u p g r a d e d  a n d  s o l d  a s  raw m a t e r i a l s  f o r  p l a s t i c  
p r o d u c t  i o n  . 

S u b s t a n t i a l  c a p i t a l  i n v e s t m e n t s  a r e  n e c e s s a r y  b e f o r e  h e a t  and  
power c a n  be e n j o y e d  b y  c o n s u m e r s .  C o a l  m u s t  be l o c a t e d ,  s e p a r a t e d  
f rom the e a r t h ,  p r o c e s s e d  a n d  t r a n s p o r t e d .  H y d r o e l e c t r i c  power a l s o  
r e q u i r e s  l a r g e  i n v e s t m e n t s  f o r  t h e  p r o d u c t i o n  and t r a n s m i s s i o n  of 
e l e c t r i c i t y .  I n v e s t m e n t s  i n  h y d r o e l e c t r i c  power s y s t e m s  a r e  
c o n s i d e r e d  b y  many,  t o  be o n e  o f  the b e s t  h e d g e s  a g a i n s t  the 
i n f l a t i o n a r y  e r o s i o n  of the p u r c h a s i n g  power o f  the d o l l a r .  N u c l e a r  
power p l a n t s  a r e  s t i l l  more c a p i t a l  i n t e n s i v e  t h a t  s t e a m  o r  h y d r o  power 
p l a n t s ,  and  a l s o  c a n  b e  c o n s i d e r e d  a s  i n f l a t i o n  h e d g e s .  

T A B L E 1  CAPITAL COSTS 

COAL F m D  PLANT 400 

NO #)LIUTION CQAL FII(ED EWNT 550 

4 

FISSION N U W  PLANT 700 
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E n v i r o n m e n t a l  a n d  p o l l u t i o n  c o n s i d e r a t i o n s  i m p o r t a n t l y  e f fec t  45  
both the o p e r a t i n g  and  c a p i t a l  costs  of power p l a n t s .  T a b l e  o n e  
shows t h a t  the a d d i t i o n  o f  a n t i - p o l l u t i o n  e q u i p m e n t  t o  a c o a l  f i r e d  
e l ec t r i c  power p l a n t  i n c r e a s e s  the c a p i t a l  cost b y  37%. The c a p i t a l  
costs o f  a f u s i o n  n u c l e a r  power p l a n t  a r e  e s t i m a t e d  t o  be s l i g h t l y  
lower t h a n  those of a f i s s i o n  n u c l e a r  power p l a n t .  C a p i t a l  costs 
for  h y d r o g e n  p r o d u c t i o n  w i l l  r u n  p a r a l l e l  t o  c a p i t a l  costs f o r  
power p r o d u c t i o n .  Fo r  h y d r o g e n  p r o d u c t i o n ,  f u s i o n  e n e r g y  s h o u l d  be 
c h e a p e r  t h a n  f i s s i o n  e n e r g y .  

The i n p u t  r e q u i r e m e n t s  o f  t he  p l a n t  shown i n  F i g u r e  2 a re  
A p p a l a c h i a n  b i t u m i n o u s  coal ,  p u r e  w a t e r ,  and e n e r g y .  P u r e  w a t e r  and 
e l e c t r i c i t y  are a l s o  r e q u i r e d  f o r  the  p r o d u c t i o n  o f  d e u t e r i u m  w h i c h  
is the p r i n c i p a l  r a w  m a t e r i a l  for t h e  p r o d u c t i o n  o f  e n e r g y  b y  a t o n i c  
f u s i o n .  P i p e  l i n e  h y d r o g e n ,  a s  shown i n  F i g u r e  2 ,  is t h e  f i n a l  
p r o d u c t  o f  the h y d r o g e n  p r o d u c t i o n  p r o c e s s .  

I n  t he  u l t i m a t e  i d e a l  s i t u a t i o n  e v e r y o n e  w i l l  h e a t  h i s  h o u s e  
w i t h  pipe l i n e  h y d r o g e n ,  or w i t h  e l e c t r i c i t y  l o c a l l y  g e n e r a t e d  from 
h y d r o g e n .  T h i s  i d e a l  c h e a p  f u e l  a b u n d a n c e  h a s  b e e n  c a l l e d  a h y d r o g e n  
f u e l  economy. The p l a n t  i n v e s t m e n t  n e c e s s a r y  t o  f u e l  the f u r n a c e s  of 
American w i t h  h y d r o g e n  is enormous .  I t  w i l l  p r o b a b l y  t a k e  25 y e a r s  
t o  f i n d  enough  money t o  b u i l d  t h e  p l a n t  a n d  m i n i n g  f a c i l i t i e s  
n e c e s s a r y  f o r  the U n i t e d  S t a t e s  h y d r o g e n  f u e l  economy.  The  f i r s t  
commercial h y d r o g e n  p l a n t s  w i l l  b e  f o r c e d  t o  f i n d  m a r k e t s  f o r  t h e i r  
p r o d u c t  w h i c h  w i l l  be more l u c r a t i v e  t h a n  the s p a c e  h e a t i n g  which 
is r e q u i r e d  b y  the h y d r o g e n  economy. Examples  o f  s u c h  m a r k e t s  a r e  
p r o d u c t i o n  o f :  

a .  m e t h a n o l  for  m a n u f a c t u r e  o f  l e a d  f r e e  high o c t a n e  g a s o l e n e  
b .  h y d r a z i n e  for p e a k  power, p o l l u t i o n  f r e e ,  e lectr ic  f u e l  c e l l s  
c .  me thane  f o r  u p g r a d i n g  500  BTU c o a l  g a s  i n t o  1000 BTU SNG 
d .  s u l f u r  f r e e  f u e l  o i l s  f o r  p o l l u t i o n  f r e e  e lec t r ic  p l a n t s .  

A l l  n a t i o n s  who h a v e  the n e c e s s a r y  t e c h n i c a l  c a p a b i l i t i e s  a r e  
d i l i g e n t l y  w o r k i n g  on the problem o f  i n i t i a t i n g  n u c l e a r  f u s i o n  b y  
c o n c e n t r a t i n g  i n t e n s e  e n e r g y  from l a s e r s .  The a im is t o  i g n i t e  a 
t i n y  pellet  o f  h y d r o g e n  l i k e  m a t e r i a l  s o  t h a t  a micro H bomb e x p l o s i o n  
w i l l  r e s u l t .  If the e x p e n d i t u r e  o f  b i l l i o n s  of d o l l a r s  g u a r a n t e e s  
s u c c e s s ,  the U n i t e d  S t a t e s  s h o u l d  be the w i n n e r  i n  the w o r l d  w i d e  
a t o m i c  f u s i o n  s w e e p s t a k e s .  

F u s i o n  i g n i t i o n  e n e r g y  r e q u i r e m e n t s  a r e  v e r y  l a r g e .  A high  
t e m p e r a t u r e ,  high p r e s s u r e  l a s e r  s h o u l d  be c a p a b l e  o f  g e n e r a t i n g  
the r e q u i r e d  power levels. It o u g h t  t o  h a v e  a n  e f f i c i e n c y  o f  5C% 
and  b e  o f  the Exc imer  t y p e .  I t s  o u t p u t  s h o u l d  be i n  a w a v e l e n g t h  
a r e a  be tween  2000 and  10000 Angs t roms .  It is p r o b a b l e  t h a t  the 
s u c c e s s f u l  laser  w i l l  o p e r a t e  i n  the m i d r a n g e  or a t  a w a v e l e n g t h  
o f  a p p r o x i m a t e l y  300 n a n o m e t e r s .  The o u t p u t  o f  the l a s e r  s h o u l d  
be lo1’ w a t t s ,  and the l e n g t h  o f  t h e  o u t p u t  p u l s e  s h o u l d  be 10 
p i c o s e c o n d s .  Even w i t h  a n  o u t p u t  o f  t h i s  m a g n i t u d e ,  it w i l l  be 
n e c e s s a r y  t o  h i t  the d e u t e r i u m  pellet  w i t h  a n  a r r a y  o f  l a s e r s  
f i r e d  s i m u l t a n e o u s l y .  

F i g u r e  4 is a s c h e m a t i c  d i a g r a m  o f  a l a s e r  p r o p o s e d  f o r  f u s i o n  
i n i t i a t i o n .  E n e r g y  is i n j e c t e d  i n t o  the l a s i n g  t u b e  b y  a t r a v e r s e  
e l e c t r o n  a v a l a n c h e .  The power f l a s h  of the l a s e r  b r e a k s  the o u t p u t  
mirror, t h u s  a l l o w i n g  the high power p u l s e  t o  l e a v e  the l a s i n g  t u b e .  



The micro H bomb e x p l o s i o n s  w i l l  o c c u r  a t  25 or less p u l s e s  per 46 
s e c o n d .  A f t e r  e a c h  e x p l o s i o n  a new aluminum mirror o n  t h i n  p l a s t i c  
sheet w i l l  be p o s i t i o n e d  over the ex i t  por t .  The d i s t a n c e  be tween  
the t w o  l a s i n g  mirrors is t h e n  a d j u s t e d  b y  v a r y i n g  the g a s  p r e s s u r e  
on the u p p e r  mirror sheet u n t i l  correct f o c u s  is o b t a i n e d .  
C o h e r e n t  l i g h t  from t h e  l a s e r  is c o n c e n t r a t e d  onto the pellet  by  
f u s e d  s i l i c a  l e n s e s .  T h e s e  lenses a r e  m a i n t a i n e d  i n  a vacuum by  t h e  
shot c h a m b e r  vacuum s y s t e m .  The  s e c o n d  or lower mirror  i n  t he  l a s i n g  
t u b e  is f i g u r e d  i n  a b l a n k  w h i c h  c a n  be w a t e r  c o o l e d .  The opt ics  
o f  the lower mirro a r e  d e s i g n e d  t o  m i n i m i z e  damage t o  the mir ror ,  
and  t o  work w i t h  the c o h e r e n t  l i g h t  c o n c e n t r a t i n g  op t i c s .  

Hydrogen c a n  be p r o d u c e d  b y  the p r o p o s e d  photochemical p r o c e s s  
f o r  much less t h a n  the cost of e l ec t ro ly t i c  h y d r o g e n .  In a d d i t i o n  
the b r e a k  e v e n  p o i n t  f o r  gamma and n e u t r o n  r a y  h y d r o g e n  p r o d u c t i o n  
is a n  o r d e r  o f  m a g n i t u d e  b e t t . e r  t h a n  the f u s i o n  e l ec t r i c  power b r e a k  
e v e n  p o i n t .  

The c o n s t r u c t i o n  of a f u l l  s ize  AEC a p p r o v e d  d e u t e r i u m  p e l l e t  
f a c t o r y  s h o u l d  be i n i t i a t e d  a t  o n c e .  C o n c u r r e n t l y  c o n t r a c t s  for 
mode l  p r o d u c t i o n  a n d  t e s t i n g  o f  TEA UHP l a s e r s  s h o u l d  be l e t .  
Hydrogen  p l a n t  s i te  p r e p a r a t i o n  s h o u l d  be i n c l u d e d  i n  the c o n t r a c t  
t o  be p l a c e d  f o r  the c o n s t r u c t i o n  o f  a U.S. S t e e l  C lean -Char  c o a l  
g a s i f i c a t i o n  p l a n t .  I n  t h e  n e a r  f u t u r e ,  UHP l a s e r s  w i l l  be 
c o m m e r c i a l l y  a v a i l a b l e .  It would t h e n  be p o s s i b l e  to  p r o c e e d  
w i t h o u t  d e l a y  w i t h  the  c o n s t r u c t i o n  and o p e r a t i o n  o f  a l a s e r  f u s i o n  
h y d r o g e n  p l a n t .  

N o w  is t h e  t i m e  t o  p r o c e e d  w i t h  the c o m m e r c i a l  p r o d u c t i o n  of 
h y d r o g e n  from g a s i f i e d  c o a l  a n d  l a s e r  f u s i o n  a t o m i c  e n e r g y .  The , 
d e m o n s t r a t  i o n  h y d r o g e n  p l a n t  mus t  be b u i l t  close t o  c o a l  d e p o s i t s .  
Also it m u s t  be s i t u a t e d  on  the b a n k s  of a river w h i c h  w i l l  s u p p l y  
l a r g e  volumes o f  s o f t  w a t e r  f o r  a l l  1 2  m o n t h s  o f  e v e r y  y e a r  o f  the 
p r o j e c t e d  l i f e  of the p l a n t .  
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INTRODUCTION 

I' 

1 

\ 

During t h e  las t  ten years ,  i n  which t h e  pro tec t ion  of t h e  environment and 
lexpec ia l ly  our air  has become a major n a t i o n a l  concern, t h e  automobile has  received 
most a t t e n t i o n .  A s  f e d e r a l  c o n t r o l s  l i m i t i n g  t h e  emissions from t h e  automobile have 
been l e g i s l a t e d  and gone i n t o  force ,  and f e d e r a l  ambient a i r  q u a l i t y  s tandards  were 
adopted, t h e  d i e s e l  engine and l a r g e  s t a t i o n a r y  steam genera tors  have a l s o  come 
c o n t r o l  by v i r t u e  of f e d e r a l  law. 
of a i r  p o l l u t i o n  and a l l  of t h e  major f u e l  consuming u n i t s  except one a r e  now 
covered by f e d e r a l  emissions regula t ions .  
hea t ing  u n i t .  
use  p a r t i c u l a r l y  i n  t h e  win ter ,  w e  f e l t  i t  important t o  s tudy  t h i s  p o t e n t i a l  source 
of a i r  pol lu tan ts .  Previous work repor ted  i n  t h e  l i t e r a t u r e  (1-7) s tudied  e f f e c t s  
of equipment design and opera t ing  condi t ions .  
t o  look a t  t h e  e f f e c t  of f u e l  composition on emissions. This  paper summarizes t h e  
more important r e s u l t s  of t h i s  study. 

A l l  combustion processes  a r e  p o t e n t i a l  sources  

The one except ion is  t h e  r e s i d e n t i a l  
Since a s u b s t a n t i a l  share  of a l l  petroleum is  consumed i n  r e s i d e n t i a l  

Our own i n t e r e s t  i n  t h i s  s tudy  was 

EXPERIMENTAL 

The p o l l u t a n t s  measured i n  t h i s  s tudy can be divided i n t o  gaseous 
emissions, smoke and p a r t i c u l a t e s ,  and polynuclear  aromatic hydrocarbons. Among 
t h e  gaseous emissions d i r e c t  measurements were made of carbon monoxide, t o t a l  
hydrocarbons, and n i t rogen  oxides. 
d i s p e r s i v e  i n f r a r e d  analyzer  which on i t s  most s e n s i t i v e  s e t t i n g  w a s  c a l i b r a t e d  t o  
read i n  t h e  range of 0-250 p a r t s  p e r  m i l l i o n  (ppm). Tota l  hydrocarbons (HC) were 
measured by flame ioniza t ion .  
heated t o  keep t h e  sample temperature a t  no l e s s  than 270'F (135'C) t o  minimize 
l o s s e s  of the  higher  b o i l i n g  hydrocarbons. 
l y z e r  was 0-10 ppm HC a s  methane., Nitrogen oxides (NO,) were measured wi th  a 
chemiluminescence analyzer .  

Carbon monoxide w a s  measured w i t h  a non- 

Both t h e  analyzer  and t h e  sampling l i n e s  were 

The most s e n s i t i v e  range of t h e  ana- 

The most s e n s i t i v e  range of t h e  ana lyzer  w a s  0-2.5 
ppm. 

A parameter of long s tanding  i n  t h e  hea t ing  o i l  business  t o  c h a r a c t e r i z e  
combustion i s  smokiness. The Bacharach smoke spot  measurement i s  t h e  u n i v e r s a l l y  
used technique f o r  measuring t h e  degree of smokiness. This technique w a s  used i n  
t h i s  s tudy t o  measure smoke a t  s teady  s t a t e  condi t ions .  For continuous measure- 
ment of smoke, t h e  Von Brand smoke meter was used. This  l a t t e r  is p a r t i c u l a r l y  
u s e f u l  f o r  measuring t h e  smoke during burner  s t a r t u p  and shutdown. I n  both tech- 
niques,  a sample of t h e  f l u e  gas  is pul led  through a f i l t e r  paper and t h e  r e s u l t -  
ing  smoke spot  o r  t r a c e  can be  compared t o  a standard s c a l e  going from zero smoke 
t o  a number 9 smoke. 

Mass p a r t i c u l a t e  emissions were measured using t h e  EgA technique speci- 
f i e d  f o r  s t a t i o n a r y  sources  f o r  which emissions r e g u l a t i o n s  e x i s t .  An i s o k i n e t i c  
sample  of f l u e  gas i s  drawn from t h e  breech of t h e  furnace through a heated probe 
and then a f i l t e r  i s  used t o  catch t h e  s o l i d s  contained i n  the measured volume 
of s a m p l e  gas. The quant i ty  of p a r t i c u l a t e s  trapped on t h e  f i l t e r  is determined 
gravimet r ica l ly .  

No standardized method f o r  sampling polynuclear aromatic hydrocarbons 
(PNA'S) e x i s t s  a t  present .  Our approach has  been t o  withdraw cont inuously a 
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f l u e  gas  sample from t h e  furnace  breech ,,tder i s o k i n e t i c  flow condi t ions.  I s o k i n e t i c  
sampling is  used s i n c e  PNA's may b e  adsorbed on t h e  p a r t i c u l a t e s  contained i n  t h e  
f l u e  gas. The sample probe is  not  heated except by t h e  f l u e  gas  i t s e l f .  The 
sampled f l u e  gas passes  d i r e c t l y  from t h e  probe i n t o  a s e r i e s  of four  g l a s s  in- 
p i n g e r s  (See Figure 1). 
dense a s  w e l l  a s  t r a p  t h e  PNA's. 
its temperature i s  about 35'F. 
pinger  t r a i n  t o  t r a p  any p a r t i c u l a t e s  t h a t  may be c a r r i e d  through the  impinger 
t r a i n .  The f i l t e r  i s  maintained a t  about 50°F by the  c h i l l e d  f l u e  gas  sample. 
sample recovery c o n s i s t s  of c o l l e c t i n g  t h e  condensate from t h e  impinger t r a i n ,  t h e  
f i l t e r  i t s e l f ,  and t h e  a c e t o n e  wash of t h e  probe, impingers and f i l t e r  housing. 
PNA's and o t h e r  organics  are ext rac ted  from t h e s e  t h r e e  s e p a r a t e  p a r t s  of t h e  sample 
us ing  cyclohexane. 
absorp t ion  technique. PNA's a r e  separa ted  i n t o  i n d i v i d u a l  f r a c t i o n s  on a GC column, 
and each f r a c t i o n  is analyzed by UV absorption t o  determine t h e  q u a n t i t y  of t h e  
s p e c i f i c  PNA contained i n  t h e  f r a c t i o n .  To account f o r  sample handling and a n a l y s i s  
l o s s e s  CI4 tagged benzo(a)pyrene and benz(a)anthracene a r e  added t o  t h e  t h r e e  p a r t s  
of t h e  sample before  e x t r a c t i o n .  PNA losses dur ing  t h e  a n a l y t i c a l  procedure a r e  
determined from t h e  measured loss of t h e  two r a d i o a c t i v e  t r a c e  components. 
t a i l e d  d e s c r i p t i o n  of  t h e  a n a l y t i c a l  procedure i s  given elsewhere (8). 

The impingers are immersed i n  an i c e  b a t h  and s e r v e  t o  con- 
B y t h e  t i m e  t h e  f l u e  gas leaves  the l a s t  impinger 

A small  pore s i z e  ( 4 . 2 ~ )  f i l t e r  fol lows t h e  im-  

The 

Analys is  of PNA's is done by a combined gas  chromatography - UV 

A de- 

To determine burner  operat ing condi t ions ,  a d d i t i o n a l  measurements were 
made f o r  C02, oxygen, f l u e  d r a f t ,  f l u e  g a s  temperature ,  and f u e l  flow. F lue  gas  
volumes were ca lcu la ted  from measurement of f u e l  flow and excess  air  assuming 
complete combustion of f u e l .  Actually measured f l u e  g a s  f lows d i f f e r e d  from such 
c a l c u l a t e d  flows by no more than  3%. 
was a commercially a v a i l a b l e  hot  air  furnace wi th  a maximum heat  input  of 119,000 
BTLVhr. 
nominal f i r i n g  r a t e  of 0.75 GPH. 

The u n i t  on which t h e  measurements were made 

The furnace was f i r e d  wi th  a conventional h igh  pressure  gun burner  a t  a 

RESULTS AND DISCUSSION 

Gaseous Emissions 

F igure  2 shows CO emissions a s  a f u n c t i o n  of equivalence r a t i o  (E.R.). 
The equiva lence  ra t io  i s  t h e  r a t i o  of a c t u a l  a i r  t o  t h a t  requi red  f o r  s to ich iometr ic  
combustion of  the f u e l .  
is equiva len t  t o  t h e  use of  60% excess  air .  Resul t s  a r e  shown f o r  t h r e e  f u e l s  
d i f f e r i n g  in gravi ty ,  a romat ics ,  and f i n a l  b o i l i n g  poin t .  
on ly  one c l a s s i f i e d  as a No. 2 f u e l  o i l ,  with t h e  kerosene having a much higher  
AF'I g r a v i t y  and the low g r a v i t y  f u e l  being too low i n  g r a v i t y .  
furthermore are given f o r  t w o  operat ing condi t ions ,  a t  s teady  state and f o r  a 5 
minute burn - 5 minute o f f  cyc le .  
averaged from the  p o i n t  a t  which t h e  burner starts t o  a poin t  30 seconds a f t e r  
shutdown. The l a t t e r  i s  included s i n c e  t h e  CO emissions tend t o  b e  h igher  i m e d i -  
a t e l y  a f t e r  burner shutdown. 
very  low even during t h e  r e l a t i v e l y  f u e l  r i c h  and smoky opera t ion  t h a t  i s  obtained 
a t  equiva lence  r a t i o s  lower t h a n  1.4. In f a c t  i n  t h e  normal opera t ing  range t o  
b e  found i n  t h e  f i e l d  (1.5 t o  2.0 E.R. ) ,  t h e  carbon monoxide i n  t h e  f l u e  gas  i s  
a t  a lower concent ra t ion  t h a n  i n  t h e  labora tory  combustion air .  
o p e r a t i o n  the CO i s  low when 40% or more excess  a i r  i s  used. I n  terms of f u e l  
e f f e c t s ,  t h e  high g r a v i t y ,  low f i n a l  b o i l i n g  poin t  kerosene g ives  somewhat lower 
CO emissions,  p a r t i c u l a r l y  a s  l e s s  excess  air  is  used. From our  poin t  of  view 
it w a s  not  considered impor tan t  t o  i n v e s t i g a t e  t h e  causes  f o r  t h e  observed behav- 
i o r  s i n c e  under normal o p e r a t i n g  condi t ions  the CO emissions were low w i t h  a l l  
t h r e e .  
not normally b e  used because of smoke l i m i t a t i o n s .  

An E.R. o f  1 .6  which is t y p i c a l  f o r  f i e l d  i n s t a l l a t i o n s ,  

The t y p i c a l  f u e l  i s  t h e  

The emissions 

The r e s u l t s  f o r  c y c l i c  o p e r a t i o n  a r e  time- 

The CO emissions under s teady  state condi t ions  a r e  

Even under c y c l i c  

Di f fe rences  between f u e l s  occurred under burning condi t ions  which would 
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Figure 3 shows emissions o t  L o t a l  hydrocarbons f o r  t h e  same condi t ions  

and f u e l s  a s  previously given f o r  CO. The concent ra t ion  of  hydrocarbons i n  the 
f l u e  gas l i k e  t h a t  f o r  CO is very low, usua l ly  less than t h a t  contained i n  t h e  
labora tory  combustion air  except during a s h o r t  per iod a f t e r  s t a r t u p  and a f t e r  shut-  
down. Unlike t h e  behavior of  CO, under c y c l i c  condi t ions the  hydrocarbons increased 
a t  very high excess a i r  l e v e l s .  A s  t h e  a i r  v e l o c i t y  tended t o  become very  high, 
i g n i t i o n  became erratic and i n  t h e  exkreme case  t h e  flame would a l t e r n a t e l y  ext in-  
g u i s h  and r e i g n i t e  f o r  a few seconds a t  the beginning of the burn ing  cycle .  A s  is 
clear from Figure 3, t h e r e  i s  no e f f e c t  of f u e l  composition on hydrocarbon emissions. 

Both a t  s teady  state and under c y c l i c  condi t ions ,  t h e  n i t rogen  oxide emis- 
s i o n s  w e r e  r e l a t i v e l y  i n s e n s i t i v e  t o  e i t h e r  equivalence r a t i o  o r  f u e l  composition. 
A t  s teady s t a t e ,  emissions averaged about 80 ppm. 
minute of f  cycle ,  time-averaged emissions were about 70 ppm. 

For t h e  f i v e  minute on-five 

i 

Smoke and P a r t i c u l a t e  Emissions 

A number of s t a t e s  and l o c a l i t i e s  i n  t h e  U. S. have l a w s  on t h e  maximum 
al lowable smoke i n  t h e  f l u e  gas. 
t h a t  t h e r e  i s  a peaking of t h e  smoke as t h e  burner  starts up. A s  combustion pro- 
ceeds and t h e  temperature i n  t h e  combustion zone r i s e s ,  t h e  smoke decreases .  
d i a t e l y  upon burner  shutdown, t h e  smoke i n  t h e  f l u e  gas  aga in  i n c r e a s e s  t o  a peak 
and then drops of f  t o  zero as t h e  furnace i s  swept by ambient a i r .  S t a r t u p s  and 
shutdowns are not  very repea tab le  i n  terms of smoke emissions even wi th  t h e  Same 
fue l .  The e f f e c t  of f u e l  composition on smoke is  t h e r e f o r e  more c l e a r l y  seen at  
s teady s t a t e  operat ion.  Figure 4 shows t h e  Bacharach smoke number as a func t ion  
of equivalence r a t i o  f o r  four  d i f f e r e n t  f u e l s .  It is  c l e a r  from the f i g u r e  t h a t  
t h e r e  is  a d i f fe rence  i n  smoke number from t h e  four  f u e l s  when opera t ing  a t  higher  
than t r a c e  smoke condi t ions ,  i.e. less than  70% excess  a i r .  A c r o s s  p l o t  of smoke 
number, at  f o r  example 50% excess a i r ,  a g a i n s t  f i n a l  b o i l i n g  poin t  shows an excel- 
l e n t  l i n e a r  c o r r e l a t i o n  (Figure 5). 
backend v o l a t i l i t y  could t h e r e f o r e  a f f e c t  t h e  smokiness of combustion. 
other  hand t h e s e  r e s u l t s  a l s o  i l l u s t r a t e  t h a t  smoke-free combustion is poss ib le  
even wi th  f u e l s  having f i n a l  b o i l i n g  p o i n t s  s u b s t a n t i a l l y  h igher  than found i n  pres- 
en t  No. 2 heat ing o i l s ,  i f  t h e  excess a i r  i s  ad jus ted  f o r  t h e  f u e l .  

Smoke behaves much l i k e  CO and hydrocarbons i n  

Imme- 

Direc t  s u b s t i t u t i o n  of f u e l s  wi th  d i f f e r i n g  
On t h e  

As f a r  a s  domestic hea t ing  u n i t s  a r e  concerned, t h e  smoke number is the  
only way by which p a r t i c u l a t e  emissions a r e  being charac te r ized .  
t ioned t h e r e  do e x i s t  f e d e r a l  regula t ions  on mass p a r t i c u l a t e  emissions f o r  very 
l a r g e  capaci ty  steam generators .  To determine compliance wi th  t h e  regula t ions ,  the 
EPA prescr ibed a technique t o  be  used f o r  measuring mass p a r t i c u l a t e  emissions. 
Resul ts  of t h e  p a r t i c u l a t e  measurements are given i n  Figure 6 .  

A s  has been men- 

Most p a r t i c u l a t e  measurements i n  our  s tudy were made by t h e  EPA proce- 
dure. I n  a l i m i t e d  number of t e s t s ,  f l u e  gas  was sampled i n  a d i l u t e d  stream and 
some measurements were made wi th  a m u l t i s t a g e  impactor. 
a l s o  included i n  Figufe 6 .  
smoke numbers were given. 
s t a t e  and f o r  t h e  usua l  5 minute on - 5 minute off  cycle .  
s ions  are given as a func t ion  of smoke number. 
wi th  a t y p i c a l  hea t ing  o i l .  There is a c o r r e l a t i o n  of p a r t i c u l a t e  emissions with 
smoke which is  q u i t e  pronounced a t  t h e  higher  smoke numbers. 
condi t ions t y p i c a l  i n  t h e  f i e l d ,  t r a c e  t o  about a number 4 smoke, the emissions 
a t  t r a c e  smoke can be j u s t  as high as a t  number 5. 
u l a t e  emissions from a f i e l d  survey of domestic o i l  heated u n i t s  a l s o  showed no 
c o r r e l a t i o n  of smoke number with mass p a r t i c u l a t e  emissions ( 6 ) .  
ber  therefore  is inf luenced not  only by mass p a r t i c l e  loading of  t h e  f l u e  gas  b u t  
a l s o  by the  na ture  of t h e  p a r t i c l e s  and t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
t i o n s  of p a r t i c u l a t e  emissions with opera t ing  condi t ions,  i . e .  c y c l i c  vs .  s teady 

These measurements are 
The r e s u l t s  shown a r e  f o r  t h e  same fue ls  f o r  which 

I n  a d d i t i o n  t h e  f i g u r e  conta ins  emissions a t  s teady 
Mass p a r t i c u l a t e  emis- 

Most of t h e  measurements were made 

For opera t ing  

Published r e s u l t s  of p a r t i c -  

The smoke num- 

Varia- 
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s t a t e ,  and with d i f f e r e n t  f u e l s  a r e  a t  a l e v e l  which i s  less than t h e  r e p e a t a b i l i t y  
of t h e  measuring procedure. 
emissions from the  gun burner  a r e  i n  t h e  range of 1 t o  2 l b s .  p e r  1000 ga l lons  of 
f u e l  even with s u b s t a n t i a l  changes i n  f u e l  and opera t ing  condi t ions.  

Unless t h e  smoke becomes very high, mass p a r t i c l e  

Polynuclear  Aroma t i c  Hydrocarbons 

In the years  s i n c e  polynuclear  aromatic hydrocarbons have been i d e n t i f i e d  
i n  the  atmosphere, a g r e a t  many s t u d i e s  of emissions from various sources  have been 
repor ted  i n  t h e  l i t e r a t u r e  (9) .  I n  r e c e n t  t i m e s  such s t u d i e s  have concentrated on 
the  automobile engine. Though cons iderable  experience has been accumulated i n  the 
experimental approaches t o  PNA c o l l e c t i o n  one important problem s t i l l  remains to be 
solved.  That problem is t h e  loss of PNA spec ies  during sampling. Although these  
compounds a r e  e a s i l y  condensed, they a r e  r e l a t i v e l y  v o l a t i l e  and e a s i l y  oxidized. 
I n  those p a r t s  of the  sampling system which are a t  s i g n i f i c a n t l y  higher  than room 
temperature the  chance f o r  loss is very g r e a t .  Attempts to  quant i fy  such l o s s e s  i n  
PNA measurements from automobiles (10) by i n j e c t i o n  of rad ioac t ive  spec ies  i n t o  the 
gas s t ream sampled, have i n d i c a t e d  t h a t  under c e r t a i n  condi t ions ,  s u b s t a n t i a l l y  
more than h a l f  of t h e  r e a c t i v e  PNA's  may be  l o s t  during sampling. 
niques used t o  es t imate  l o s s e s  r a i s e  near ly  as  many quest ions a s  are answered. Our 
approach to  es t imate  l o s s e s  c o n s i s t e d  of doping the  sampling t r a i n ,  exc lus ive  of the 
probe i t s e l f ,  with known q u a n t i t i e s  of non-radioact ive benzo(a)pyrene and benz(a)- 
anthracene and then making a normal sampling run. 
t o  f i f t y  times the amount o f  BaP and BaA normally c o l l e c t e d  i n  a run.  
ies measured were 57% f o r  B a P  and 46% f o r  BaA. For thcse two very r e a c t i v e  compo- 
nents  perhaps only h a l f  of t h e  q u a n t i t y  of each c o n s t i t u e n t  i s  recovered by the 
sampling system. A s  was mentioned previously,  l o s s e s  during the  a n a l y t i c a l '  proce- 
dure i t s e l f  were r o u t i n e l y  accounted f o r .  In the  d iscuss ion  to  fol low PNA r e s u l t s  
repor ted  a r e  those a c t u a l l y  measured. 
sampling l o s s  descr ibed above. 
ed f o r  PNA i n  the f u e l  and i n  t h e  f l u e  gas .  
conten t  a r e  shown i n  Table 1. 

Yet t h e  tech- 

The l e v e l  of doping was twenty 
The recover- 

They a r e  not  cor rec ted  f o r  the p o s s i b l e  
Three d i f f e r e n t  types of f u e l s  were run and analyz- 

Resul t s  of emissions and f u e l  aromatic 

TABLE 1 

PNA EMISSIONS FRO11 HEATING OILS 
(Lbs./1000 Gals.) x l o >  

Kerosene Typical  - Low Gravity 
F u e l  F lue  Gas Fuel Flue Gas Fuel  Flue Gas 
550 0.8 19,900 6.2 5.700 - 6.5 
- -  

Pyrene 

Benz(a) anthracene 29 0.04 1,380 0.2 6,340 1.7 
Chrysene 110 0.1 3,700 0.2 24,200 0.4 

Fuel  Aromatics - X 1 3 . 2  37.1 46.1 
The a n a l y t i c a l  technique used was a b l e  t o  i d e n t i f y  eleven spec ies  of PNA's. Resul ts  
however a r e  reported only f o r  those f i v e  spec ies  which were c o n s i s t e n t l y  found i n  
measurable q u a n t i t i e s .  I n  PNA s t u d i e s  from automobiles i t  had been reported t h a t  
exhaust  emissions were dependent on t h e  aromatic content  of the f u e l  (11-13). A s  
Table 1 shows the t h r e e  f u e l s  had a b i g  range i n  aromatic  components a s  wel l  a s  i n  
f u e l  PNA content .  Looking a t  benzo(a)pyrene, t h e  d i f f e r e n c e s  i n  e m i s s i o n s  between 
the  t h r e e  f u e l s  a r e  not  s t a t i s t i c a l l y  s i g n i f i c a n t  (s tandard devia t ion  = 0.66), so 
t h a t  the e f f e c t  of t h e  very l a r g e  change i n  aromatic  content  of t h e  f u e l  in f luences  
the  emissions a t  l e a s t  of t h i s  component t o  a r e l a t i v e l y  small exten t .  A s  f a r  a s  
BaA i s  concerned t h e  change i n  aromatics  and PNA content  in going from the  kerosene 
t o  the  t y p i c a l  hea t ing  o i l  d i d  n o t  produce a s t a t i s t i c a l l y  d i f f e r e n t  emission re- 
s u l t .  Increas ing  t h e  BaA conten t  of t h c  f u e l  s t i l l  f u r t h e r ,  i .e. moving from t h e  
t y p i c a l  t o  t h e  low gravi ty  f u e l ,  w i t h  a r e l a t i v e l y  small  a d d i t i o n a l  increase  i n  
aromatics  d i d  show a s i g n i f i c a n t  i n c r e a s e  i n  BaA emissions though the l e v e l  is  

Benzo(a)pyrene 1 2  0.2 190 0.6 1 2 4  1 . 2  

Triphenylene 66 0.2 2,300 0.6 10,100 1.0 

- 

I 



I 

I 

st i l l  q u i t e  low. This  p o i n t s  
s t r o n g l y  than f u e l  aromatics .  
t y p i c a l  hea t ing  o i l  w a s  doped 
o t h e r  proper t ies .  
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t o  f u e l  PNA content  as inf luenc ing  emissions more 

with pure BaP and BaA without  s i g n i f i c a n t l y  changing 
To look a t  t h e  inf luence  of f u e l  PNA content ,  the  

TABLE 2 

EMISSIONS FROM TYPICAL HEATING OIL 
(Lbs./1000 Gals.) x 10, 

As Is Doped 1 Doped 2 
Fuel  F lue  Gas Fuel Flue Gas Fuel  F lue  Gas 

3,230 - - -- 
Benzo(a)pyrene 190 0.6 1,210 3.6 4.2 
Benz(a) anthracene 1,380 0.2 2.420 0.6 4,800 0.4 

The results of the BaP make i t  c l e a r  t h a t  increas ing  t h e  f u e l  BaP content  does in-  
c rease  t h e  l e v e l  of BaP  found i n  t h e  exhaust. Exhaust BaA on the  o t h e r  hand 
appears t o  be l e s s  s e n s i t i v e  t o  BaA l e v e l  i n  the  f u e l .  I n  order  t o  see i f  s i g n i f i -  
can t  generat ion of  PNA's occurs  i n  the  combustion system t h e  t y p i c a l  h e a t i n g  o i l  
w a s  doped wi th  high b o i l i n g  aromatics  from s t i l l  bottoms. These heavy f r a c t i o n s  
contained both PNA's as w e l l  as  aromatic  spec ies  i n  t h e  range of Cl0 t o  c16. 

TABLE 3 

EMISSIONS FROM TYPICAL FUEL DOPED WITH HEAVY AROMATICS 
(Lbs./1000 Gals.) x 10' 

Pyrene 
Benzo(a)pyrene 
Benz(a)anthracene 
Chrysene 
Triphenylene 

Fuel  
47,400 

3,440 
3,700 
5,380 
4,130 

Flue  Gas 
9.4 

<4.5 
0.3 
0.3 
0.9 

The r e s u l t s  f o r  BaP and BaA a r e  comparable t o  those of the  t y p i c a l  hea t ing  o i l  
doped wi th  pure BaA and BaP. 
d i d  n o t  show increases  i n  PNA emissions t h a t  would n o t  be expected simply from t h e  
PNA content  of t h e  doped f u e l .  
f u e l  a g a i n s t  the  PNA content  of t h e  f u e l  i n  the normal as w e l l  as var ious  doped 
.condi t ions,  a l lows one, i f  only approximately, t o  e x t r a p o l a t e  to  a zero PNA content .  
The emissions a t  t h i s  zero i n t e r c e p t  should b e  those which a r e  synthes ized  i n  burn- 
i n g  t h a t  f u e l  (37% aromatic  conten t ) .  Although these data  a r e  s c a t t e r e d ,  they 
i n d i c a t e  t h a t  even with high aromatics  conten t  i n  t h e  f u e l ,  PNA formation is  not  
s i g n i f i c a n t  (about equiva len t  t o  t h a t  shown from kerosene o r  less than 0.5 x 
lbs./1000 ga ls . )  and PNA's found i n  the f l u e  gas a r e  those which surv ive  from the 
f u e l .  

The presence of so-cal led precursors  f o r  PNA formation 

Regressing t h e  emissions r e s u l t s  of  t h e  " typical"  

Surv iva l  of f u e l  PNA's is very l ow as shown below. 

TABLE 4 

RATIO OF FLUE GAS PNA TO FUEL PNA 

Pyrene 0.02 - 0.05% 
Benzo (a)pyrene 0.1 - 0.3% 
Benz(a)anthracene 0.03% 
Chrysene 0.002% 
Triphenylene 0.01 - 0.02% 

These numbers f i r s t  show t h a t  PNA's contained i n  t h e  f u e l  are most e f f e c t i v e l y  
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, destroyed.  This i s  not  unexpected i n  view of t h e  low emissions of hydrocarbons 
and CO. 
of PNA emissions from hea t ing  o i l  combustion i f  t h e  f u e l  PNA conten t  is ava i lab le .  

CONCLUSIONS 

Secondly, t h e s e  numbers would permit reasonable  es t imates  of the  magnitude 

From t h e  r e s u l t s  obtained i n  t h i s  s tudy,  a number of conclusions regard- 
b g  emissions from t h e  domestic high pressure  gun burners  a r e  evident .  
the range of p r a c t i c a l  o p e r a t i n g  condi t ions  there  is  no s i g n i f i c a n t  e f f e c t  of f u e l  
composition on t h e  emissions of carbon monoxide, t o t a l  hydrocarbons, n i t rogen  
oxides ,  and mass p a r t i c u l a t e s .  Second, a t  a given excess  a i r  l e v e l  an increase  i n  
t h e  f i n a l  b o i l i n g  p o i n t  of f u e l  leads to  higher  smoke. 
excess air, even f u e l s  with very high f i n a l  b o i l i n g  poin ts  can be  burn t  e s s e n t i a l -  
l y  smoke f ree .  Third,  emissions of polynuclear  aromatic hydrocarbons appear to  be  
pr imar i ly  dependent on t h e  PNA content  of t h e  f u e l .  It i s  unl ike ly ,  however, t h a t  
d i f fe rences  i n  exhaust  PNA's  are measurable over  t h e  range of PNA's found i n  No. 2 
f u e l s  i n  the  f i e l d .  

F i r s t ,  i n  

However, with s u f f i c i e n t  
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FIGURE 1 

PNA SAMPLING SYSTEM 

FIGURE 2 
CARBON MONOXIDE EMISSIONS 
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FUEL EFFECT ON SMOKE NUMBER 
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FIGURE 5 
INFLUENCE OF FINAL BOILING POINT OF FUEL ON SMOKE 
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Introduction 

High-specific-energy Li-Al/FeS2 cells are being developed at Argonne 
National Laboratory (ANL) for off-peak energy storage batteries in electric- 
utility netw0rks.l 
being developed at ANL for electric automobile batteries. 
a molten-salt electrolyte such as the LiC1-KC1 eutectic (mp, 352qC) and 
operate at temperatures between 375 and 450'C. These cells have been found 
to be superior to earlier lithium/sulfur cells, in which elemental lithium 
and sulfur were the active materials. The Li-A1/FeS2 cells have exhibited 
stable performance without significant decreases in capacity upon cell cycling 
and without severe corrosion problems. 
cells (150 A-hr capacity) for the energy-storage application have been described. 
These cells have achieved specific energies of 140 W-hrlkg at the 10-hr rate 
and cell lifetimes have exceeded 1800 hr. 

Similar cells, but with higher specific power,, are also 
The cells have 

3 Engineering-scale Li-Al/FeSz 

This paper describes the design and development of the compact, high- 
performance FeS2 electrode used in the more recent of the engineering-scale 
cells. Also discussed is the operation of laboratory-scale cells and the 
methods used to achieve dimensional control of the FeS2 electrode. 
information gained in the laboratory studies was used for the design of the 
larger-scale cells. 
advances have been made in achieving stable cell capacity with cycling, improving 
the utilization of the cell reactants, and achieving dimensional stability 
of the sulfide electrode. 

The 

With the improvements in the FeS2 electrode, significant 

Laboratory-Scale Experiments 

Four laboratory-scale cells were operated; the cells were of the design 
shown in Fig. 1. The positive (FeSg) electrodes were about 5.7 cm in diameter 
and had capacities of 12-13 A-hr. The electrode consisted of a bed of 
finely divided FeS2 powder encased in a thin layer of zirconia cloth to 
contain particulates; this structure was, in turn, encased in a basket of 
molybdenum mesh to provide structural support. 
a solid Li-Al alloy that had been electrochemically formed on a substrate 
of porous aluminum using a method developed at this lab~ratory.~ 

The negative electrode was 

Iron disulfide power (reagent grade) was purified before use to remove 
a silicate impurity; this was accomplished by a flotation technique using 
tetrabromomethane (density, 3.42). 
to select a particle size distribution between 80 and 150 vm. 

The resulting FeS2 powder was dried and sieved 
This particle 
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s i z e  w a s  chosen t o  avoid (1) t he  dimensional i n s t a b i l i t y  t h a t  would 
r e s u l t  from t h e  use of a very f i n e  powder (<50 pm) and (2) t h e  decrease 
i n  surface area and, hence, a decrease in FeS2 u t i l i z a t i o n  t h a t  would 
r e s u l t  from t h e  use o f  a par t ic le  s i z e  l a r g e r  than 150 pm. 

Several materials were t e s t ed  fo r  use a s  cur ren t  co l l ec to r s ,  including 
Armco i ron ,  n i cke l ,  and molybdenum. I n  test c e l l s ,  both Armco i r o n  and 
n icke l  reacted with t h e  s u l f i d e  and eventua l ly  were severely corroded. 
Molybdenum showed no r eac t ion  with the c e l l  environment and provided long 
c e l l  l i f e t imes .  The design of t he  engineering-scale e lec t rode ,  therefore ,  
included cu r ren t  c o l l e c t o r s  of molybdenum. It is believed t h a t  a cur ren t  
co l l ec to r  of a more common material can be  p la ted  with a th in  l a y e r  of 
molybdenum t o  provide  t h e  necessary p ro tec t ion  from corrosion. Such a 
procedure would s i g n i f i c a n t l y  reduce the  c o s t  of t he  cur ren t  co l l ec to r s .  

Figure 2 shows t y p i c a l  c e l l  vo l tage  pa t t e rns  during discharge 
(lower curves) and charge cyc les  (upper curves) ;  the  two s t a b l e  
vol tage  p la teaus  are c h a r a c t e r i s t i c  of t h i s  system. 
f o r  a c e l l  having a molybdenum curren t  c o l l e c t o r  i n  t h e  FeS2 e lec t rode  
a f t e r  about 50 h r  (Cycle 5) and 200 hr (Cycle 25) of operation. No 
decrease in capac i ty  wi th  ce l l  cycling was observed; u t i l i z a t i o n  of the  
c e l l  r eac t an t s  was about 90%. Because the  coulombic e f f i c i ency  was 
high (>95%) and the  ce l l  r e s i s t ance  was low, energy e f f i c i enc ie s  between 
60 and 80% were achieved. 

These da ta  were taken 

Another example of t he  s t a b i l i t y  of ce l l  capacity cycling can be seen 
i n  Fig.  3 .  I n  t h i s  cell ,  a capacity g rea t e r  than 75% of the  theo re t i ca l  
w a s  maintained over a period of 200 h r ,  a t  which time t h e  c e l l  operation 
w a s  vo lun ta r i ly  terminated. I n  a c e l l  t h a t  w a s  operated f o r  500 h r ,  a 
capacity dens i ty  of 0 . 4 3  A-hr/cmZ (90% of t heo re t i ca l )  was achieved, and 
no dec l ine  i n  capac i ty  occurred over t he  e n t i r e  operating period. The 
energy e f f i c i ency  w a s  maintained above 70%. 

Design of Engineering-Scale FeS:, Electrode 

The design of t h e  pos i t i ve  e lec t rode  developed f o r  t he  engineering- 
s c a l e  c e l l s  is shown i n  Fig.  4 ;  t h i s  e l ec t rode  has a diameter of 12  cm 
and a capacity o f  150 A-hr. 
weight required fo: cu r ren t  co l l ec to r s  and t o  maximize the  u t i l i z a t i o n  of 
t h e  FeSg r eac t an t .  The cur ren t  co l l ec to r  consisted of f i v e  l aye r s  of 
l ightweight molybdenum expanded mesh (5-mil thickness) which were cu t  
i n t o  c i r c u l a r  shape, and joined t o  a cen te r  terminal pos t  with a s i lve r -  
so lde r  brazing. 

The design w a s  se lec ted  t o  minimize the  

The cu r ren t  c o l l e c t o r  was  encased i n  a t h i n  l a y e r  of z i rconia  c l o t h  
t o  r e t a i n  the  f i n e l y  divided FeS2 powder (150 pm); the  z i rconia  c l o t h  w a s ,  
in tu rn ,  encased i n  a lightweight (1.90 g) molybdenum expanded mesh basket 
f o r  a s t r u c t u r a l  backing. This basket cons is ted  of two halves which were 
sewn together with a molybdenum wire (5  mi l ) .  
poured i n t o  the  e l ec t rode  s t r u c t u r e  through a small  opening. 

The FeS2 (1.170 g) w a s  
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During loading of the FeS2, t h e  e l ec t rode  was v ibra ted  t o  provide 
a uniform d i s t r i b u t i o n  of FeS2 wi th in  t h e  s t r u c t u r e  and t h e  des i red  degree 
of compactness. Thus, the  r e su l t i ng  e l ec t rode  s t r u c t u r e  contained a porous 
bed of FeS2 with s u f f i c i e n t  space allowed f o r  t he  expansion of t h e  ce l l  
reac tan t  and the  addi t ion  of the  necessary amount of e l e c t r o l y t e .  
technique w a s  developed during the  course of t he  labora tory  experiments. ) 
Fina l ly ,  the  e n t i r e  basket s t r u c t u r e  w a s  enclosed i n  a boron n i t r i d e  f a b r i c  
(not shown i n  Fig. 4). which served as a separa tor .  With t h i s  design, t h e  
t o t a l  weight of the  s u l f i d e  e lec t rode  was only 280 g ( t o t a l  c e l l  weight, 

(This 

1.1200 9). 

It is believed t h a t  t h e  weight of the  e lec t rode  can be reduce6 even 
fu r the r  by e l imina t ing  the  z i rconia  c lo th  and molybdenum basket;  however, 
a more s u i t a b l e  form o f  boron n i t r i d e  f a b r i c  is needed f o r  t he  e l ec t rode  
separa tor  before  t h i s  can be  accomplished. 
must be  of t he  proper poros i ty  t o  r e t a i n  the  f i n e l y  divided FeS2 and ye t  
allow s u f f i c i e n t  passage of e l ec t ro ly t e ;  t h e  f a b r i c  must a l s o  have 
s u f f i c i e n t  s t r eng th  t o  give good mechanical backing t o  t h e  e lec t rode .  

Conclusions 

The boron n i t r i d e  f a b r i c  

The experimental r e s u l t s  obtained wi th  the  compact FeS2 e l ec t rode  have 
been highly promising. 
have been constructed with theo re t i ca l  capac i t i e s  per u n i t  volume of >1 
A-hrIcm3. 
is capable of achieving a s p e c i f i c  energy of 1.180 W-hr/kg. 
exceeds the  specific-energy goal f o r  a s ing le  ce l l  t h a t  has been s e t  i n  our 
program t o  develop a ba t t e ry  f o r  bulk s torage  of e l e c t r i c  energy. 
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PURIFICATION OF WASTE WATER FROM COKING AND 
COAL GASIFICATION PLANTS USING ACTIVATED CARBON 

Hara ld  JUNTGEN and Jiirgen KLEIN 

Bergbau-Forschung GmbH, Essen (W. -Germany) 

I. In t roduc t ion  

Under environmental  a spec t s  t h e  p u r i f i c a t i o n  of w a s t e  w a t e r  conta in-  
i n g  o rgan ic  subs t ances  becomes more and more impor tan t .  I t  is  known 
t h a t  t h e  convent iona l  p rocesses  , e s p e c i a l l y  b i o l o g i c a l  t echn iques  , a r e  
n o t  able t o  remove a l l  o rgan ic  compounds ou t  of t h e  wastes. These re- 
s i s t a n t  compounds i n h i b i t ,  e s p e c i a l l y  i f  they  are t o x i c ,  t h e  b i o l o g i c a l  
p rocess  of c l ean ing .  So they  accumulate i n  t h e  e f f l u e n t  water caus ing  
a p o l l u t i o n  i n c r e a s e  of our  s t r eams ,  l a k e s ,  and seas. 

problem, e. g. r e v e r s e  osmosis , p r e c i p i t a t i o n  by s p e c i a l  agen t s  I t h e  
burn ing  o f  h igh  concen t r a t ed  was te s ,  and t h e  adso rp t ion  on s u i t a b l e  
adsorbents .  

In  r ecen t  t i m e s  d i f f e r e n t  methods a r e  d i scussed  t o  s o l v e  t h i s  

Under t h e  i n d u s t r i a l  wastes t h e  pheno l i c s  from coking  and o t h e r  
coa l -us ing  p l a n t s  a r e  most undes i r ab le .  They con ta in  some compounds i n  
such a h igh  concen t r a t ion  t h a t  t hey  are p a r t i c u l a r l y  noxious.  The con- 
c e n t r a t i o n  range of some compounds conta ined  i n  was te  w a t e r  from cok- 
i n g  p l a n t s  i s  l i s t e d  i n  t a b l e  I. Depending on t h e  s p e c i a l  k ind  o f  
t r ea tmen t  systems of c o k e g a s  t h e r e  a r e  two or t h r e e  t y p e s  of 
waste water: t h e  condensate , t h e  ammoniacal l i q u o r ,  and t h e  decan te r  
waste water. W e  cons ide r  now only  t h e  condensate and the was te  water 
a f t e r  the ammonia decanter .  Fig. 1 shows a s i m p l i f i e d  scheme of a 
t r ea tmen t  system o f  coke oven gas.  The water  coming from t h e  t a r  sepa- 
r a t o r  is c a l l e d  condensate,  and a f t e r  decan t ing  t h e  uncombined ammonia 
decan te r  waste water .  

The main methods t o  c l ean  t h i s  was te  wa te r  are: 

- e x t r a c t i o n  by benzene o r  i sop ropy le the r  

- b i o l o g i c a l  t r ea tmen t  

- adso rp t ion  on a c t i v a t e d  carbon 

One o f  t h e s e  t echn iques ,  t h e  adso rp t ion ,  is i n d i c a t e d  i n  f i g .  1 as a 
p o s s i b l e  s t e p  of was te  t r ea tmen t  t o  g e t  c l ean  water.  

The e x t r a c t i o n  needs f u r t h e r  s t e p s  of p u r i f i c a t i o n  because t h e  
removal of o rgan ic  carbon by t h i s  p rocess  reaches  only  about 55 %. 

The b i o l o s i c a l  t r ea tmen t  i s  loaded wi th  many d i f f i c u l t i e s .  

Some of them w i l l  be d i scussed  he re in  s h o r t .  A s  t a b l e  I1 shows 
t h e r e  a r e  some compounds e. g. benzene , naphthalene an thracene  , H C N ,  
t h a t  cause a h igh  va lue  of TOC o r  COD, bu t  t h e  BOD-value i s  zero ,  t h a t  
means t h e s e  compounds are n o t  decomposable by microbes. Thereby d i f f e -  
r ences  can be  caused i n  t h e  va lua t ion  o f  t h e  grade of p u r i f i c a t i o n .  Up 
t o  now i n  t h e  BRD t h e  q u a l i t y  of e f f l u e n t s  a r e  o f t e n  measured by BOD- 
and CODEln-values. But as t o  be  seen  i n  t a b l e  I1 a low BOD-value of a 



t r e a t e d  waste i s  no gua ran ty  f o r  s u f f i c i e n t l y  cleaned water .  On t h e  
o t h e r  s i d e  many o f  t h e  i n o r g a n i c  sal ts  or i o n s  cause  a h igh  CODm- 
va lue ,  t h a t  cannot b e  reduced by b i o l o g i c a l  decomposition. 

Moreover, the o p e r a t i o n  of a b io t r ea tmen t  p l a n t  i s  very  compli- 
cated. P a r t i c u l a r  c o n d i t i o n s  a re  t o  be adhered t o ,  t o  enab le  a h igh  
e f f i c i e n c y  of t h e  p u r i f i c a t i o n  process .  The l i m i t i n g  va lues  of some 
c o n t r a r i e s  t o  t h e  t h r e e  main decomposing compounds of coking p l a n t  
e f f l u e n t s  a re  s e t  o u t  i n  table 111. I t  shows t h a t  t h e s e  compounds 
exercise a s t r o n g  i n f l u e n c e  of t h e  decomposition of each o t h e r .  

The adso rp t ion  on a c t i v a t e d  carbon nowadays o f t e n  used i n  advanc- 
ed t r e a t m e n t  systems f o r  rec lamat ion  o f  d r ink ing  water can h e l p  t o  
solve t h e  problems o f  p u r i f i c a t i o n  of h igh  concen t r a t ed  i n d u s t r i a l  
e f f l u e n t s  l i k e  pheno l i c  wastes. I n  t h e  fo l lowing  it s h a l l  be po in ted  
o u t ,  which parameters  l e a d  t o  t h e  des ign  o f  an adso rp t ion  p l a n t  and 
how i t  works. 

11. Determination o f  des ign  parameters 

The use o f  a c t i v a t e d  carbon f o r  i n d u s t r i a l  was tes  p o s t u l a t e s  spe- 
c i a l  c h a r a c t e r i s t i c s  of t h e  carbon and t h e  process  of adso rp t ion  and 
r e a c t i v a t i o n .  The carbon must have a h igh  i n t e r n a l  s u r f a c e  a r e a  p e r  
u n i t  volume and s p e c i a l  adso rp t ion  a f f i n i t y  t o  t h e  waste wa te r  com- 
pounds, fur thermore ,  from t h e  economic p o i n t  of view an extreme hard- 
n e s s  and low r e a c t i v i t y  of t h e  carbon i s  impor tan t  t o  make i t s  reac-  
t i v a t i o n  and r euse  p o s s i b l e .  The des ign  o f  t h e  adso rp t ion  u n i t  and t h e  
o p e r a t i o n  of t h e  a d s o r p t i o n  p rocess  must a l l o w  t h e  b e s t  use  of t h e  ad- 
s o r p t i o n  capac i ty  o f  t h e  carbon t o  minimize t h e  c y c l i n g  amount of ac- 
t i v a t e d  carbon. The r e a c t i v a t i o n  of t h e  charged carbon has  t o  be  per -  
formed a t  such c a r e f u l l y  c o n t r o l l e d  cond i t ions  t h a t  t h e  adso rp t ion  ca- 
p a c i t y  o f  t he  carbon i s  f u l l y  rega ined  and t h e  carbon l o s s  i s  a t  a 
minimum. Bergbau-Forschung has  developed a process  of waste water  
t r e a t m e n t  by a c t i v a t e d  carbon t h a t  combines t h e s e  requirements.  T o  de- 
te rmine  t h e  des ign  parameters  of such an i n t e g r a t e d  a d s o r p t i o n / r e a c t i -  
v a t i o n  p l a n t  w e  use a serie of tests t h a t  w i l l  be d i scussed  now i n  
b r i e f .  

11 .1  AdsorEtion i so the rms  

e f f l u e n t ,  adso rp t ion  i so the rms  would be  run on va r ious  r e p r e s e n t a t i v e  
samples t o  determine t h e  f e a s i b i l i t y  o f  u s ing  a c t i v a t e d  carbon t o  re- 
move t h e  o rgan ic s  from t h i s  waste and t o  f i n d  t h e  most s u i t a b l e  carbon 
as w e l l  a s  i ts g r a i n  s i z e  f o r  t h e  so rbab le  components. This  t es t  con- 
sists o f  con tac t ing  a f i x e d  q u a n t i t y  o f  waste wi th  va ry ing  amounts of 
carbon f o r  a given t i m e .  The amount of o rgan ic  removal a t  t h e  vary ing  
dosages is  determined by  TOC-measurement and g ives  an i n d i c a t i o n  of 
t h e  amount of carbon r e q u i r e d  t o  t r e a t  t h i s  p a r t i c u l a r  waste. 

1 1 . 2  Column test 
With the  knowledge of kind and g r a i n  s i z e  o f  a c t i v a t e d  carbon t h e  

nex t  test i s  t o  be run. The was te  wa te r  a t  a cons tan t  bu t  i n  s e v e r a l  
runs vary ing  f low-ra te  p a s s e s  through a carbon column of a s u i t a b l e  
l eng th  and diameter which depends on t h e  used g r a i n  s i z e .  By measuring 
t h e  concen t r a t ion  of s o r b a b l e  compounds i n  s e v e r a l  h e i g h t s  of l a y e r  a s  
a f u n c t i o n  of t ime or throughput  t h e  so -ca l l ed  curve of breakthrough 
can be achieved b y  e q u a t i o n  1 .  

---------- -------------- 
Knowing t h e  waste water ana lys i s  and t h e  d e s i r e d  q u a l i t y  of t h e  

---------------- 
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Using t h e  mass-transfer-zone concept i t  is p o s s i b l e  
t h e s e  curves t h e  e s s e n t i a l  Darameters f o r  d e s i m  as 

t o  determine from 
it i s  shown i n  t h e  

scheme of f i g .  2 .  A t  f i r s t  ;he v e l o c i t y  o f  the-mass- t ransfer -zone  be- 
tween t h e  l a y e r  h e i g h t s  H1 and H2 has  t o  be determined by equat ion  2 .  

H 2  - H 1  v =  
tH2 - t H 1  

I n  t h e  continuous p rocess  VF i s  e q u i v a l e n t  t o  t h e  v e l o c i t y  of a c t i v a -  
t e d  carbon V c i r c u l a t i n g  t h e  a d s o r p t i o n / r e a c t i v a t i o n  p l a n t ,  ca l cu la -  
t e d  by equat fon  3 .  

Vc = vF - A A = s e c t i o n a l  adso rbe r  a r e a  3 )  

The width  of t h e  mass-transfer-zone HMTz, given by equa t ion  4 ,  

depends on t h e  s l o p e  of t h e  breakthrough curve and g i v e s  t h e  minimum 
he igh t  of t h e  adso rp t ion  l a y e r .  I n  t h e  i d e a l  ca se  VF and Hmz a r e  i n -  
dependent from t h e  p o s i t i o n  o f  l a y e r ,  and cons t an t  du r ing  t h e  p rocess  
of adsorp t ion .  A very  impor t an t  f a c t o r  i s  t h e  achieved adso rba te  load- 
i n g  of  t h e  carbon l a y e r ,  c a l c u l a t e d  by equat ion  5 .  

-Gw ( t)  t Cw ( t)= mass flow o f  waste 

Mc 0 Mc = carbon amount i n  
Q( t )  = - J (c, - C )  d t  water 5 )  

adsorber  
The h ighe r  t h e  loading ,  t h e  less carbon i s  requ i r ed  p e r  u n i t  volume of 
waste and consequently t h e  less i s  t h e  consumption o f  energy and carbon 
loss dur ing  r e a c t i v a t i o n .  

To have an i d e a  of t h e  adso rp t ion  t e s t s  some i so therms a r e  shown 
i n  f i g .  3.  The upper diagram on t h e  l e f t  hand s i d e  shows i so therms o f  
t h r e e  types  of a c t i v a t e d  carbon t r e a t e d  wi th  t h e  same waste. The s l o p e  
o f  t h e  curves  and t h e  va lues  o f  charge  i n d i c a t e  which o f  t h e  t h r e e  
carbons a r e  t h e  most s u i t a b l e  ones f o r  c l ean ing  t h e  s p e c i a l  waste.  TO 
g e t  t h e  s p e c i f i c  adso rp t ion  c a p a c i t y  p e r  u n i t  volume t h e  va lues  of ad- 
s o r b a t e  loading  are t o  be  m u l t i p l i e d  by t h e  bulk d e n s i t y  of t h e  carbon. 
The lower diagram shows i so therms of t h r e e  d i f f e r e n t  t y p e s  of coking 
p l a n t  e f f l u e n t s  t r e a t e d  wi th  t h e  same a c t i v a t e d  carbon. A s  t o  be seen  
t h e  i so therms d i f f e r  remarkably due t o  t h e  d i f f e r e n t  k i n d  and con ten t  
of compounds. On t h e  r i g h t  hand s i d e  i n  t h e  upper diagram two adsorp- 
t i o n  i so therms are shown. They a r e  determined by t r e a t m e n t  of one c a r -  
bon wi th  condensate (curve 1 )  and decan te r  waste (curve  2 )  of t h e  cok- 
i n g  p l a n t  Xamp-Lintfort. Here t h e  h i g h e r  TOC-content causes  a h i g h e r  
value of charging. I n  t h e  lower diagram two curves  are shown which a r e  
c a l c u l a t e d  from t h e  breakthrough curves  of p i l o t  column tests.  Although 
t h e  TOC-contents of t h e  wastes a r e  equa l  t o  those  from t h e  curves i n  
t h e  upper diagram, t h e  achieved va lues  of charge on t h e  same carbon 
are d i f f e r e n t .  The e f f e c t  can be expla ined  by t h e  d i f f e r e n t  cond i t ions  
of l ab - sca l e  t es t  and p i l o t  column tes t .  In  t h e  l a b  t e s t  t h e  i s o t h e r m  
a r e  go t  a t  dec reas ing  concen t r a t ion ,  i n  t h e  column t e s t  t h e  carbon i s  . 
t r e a t e d  a t  quas i - cons t an t  concen t r a t ions .  As w e  have found o u t  f o r  d i f -  
f e r e n t  t ypes  of was tes  wi th  a complex mixture o f  compounds, d i f f e r i n g  
i n  adso rp t ion  a f f i n i t y  t o  t h e  carbon, i n  t h e  f i r s t  phase  of adso rp t ion  
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a h i g h e r  loading  is  achieved  a t  dec reas ing  concen t r a t ion .  Lateron it 
might happen t h a t  t h e  h i g h e r  concen t r a t ion  i n  t h e  column test  causes 
a h i g h e r  adsorba te  load ing ,  b u t  o f t en  t h e  a c t i v e  c e n t e r s  of t h e  car- 
bon a r e  blocked so t h a t  no  i n c r e a s e  i n  charge i s  p o s s i b l e .  

Fig. 4 shows r e p r e s e n t a t i v e  breakthrough curves measured i n  p i l o t  
column tests wi th  d e c a n t e r  was te  of a TOC-content of 1000 mg/l a t  a 
f low-ra te  of 10 m/h. The s t e e p  s lope  of t h e  curves  is brought about by 
t h e  f a s t  k inet ics  o f  a d s o r p t i o n  s t and ing  o u t  f o r  t h e  main compounds of 
t h e  waste. Furthermore,  t h e  curves  a r e  p a r a l l e l  t o  each o t h e r  showing 
a cqns t an t  v e l o c i t y  of the mass-transfer-zone. S teep  and p a r a l l e l  
curves  i n d i c a t e  a sma l l  zone o f  mass-transfer,  t h a t  means t h e  r equ i r ed  
h e i g h t  o f  carbon l a y e r  is low. 

11.3 Regeneration t e s t  

r a t i o n  o f  t h e  loaded carbon,  although of g r e a t  importance,  has  been 
n o t  s u f f i c i e n t l y  i n v e s t i g a t e d  till now. Our i n v e s t i g a t i o n s  show t h a t  
t h e r e  are two s t e p s :  f i r s t  t h e  desorp t ion  of r e v e r s i b l y  bonded com- 
pounds and second t h e  r e a c t i v a t i o n  wi th  steam or s i m i l a r  gases t o  de- 
s t r o y  those  compounds t h a t  a r e  i r r e v e r s i b l y  bonded o r  decomposed on 
t h e  i n t e r n a l  s u r f a c e  o f  t h e  carbon du r ing  t h e  h e a t i n g  phase. With a 
s p e c i a l  arrangement of thermal-balance , gaschromatograph and mass- 
spec t romete r ,  we have i n v e s t i g a t e d  t h e  de- 
s o r p t i o n  process .  Thereby it i s  n o t  on ly  p o s s i b l e  t o  i d e n t i f y  t h e  ad- 
so rbed  subs t ances ,  w e  g e t  also informat ion  about t h e  q u a n t i t y  of de- 
so rbed  products  and t h e  p o s s i b i l i t y  o f  recover ing  va luab le  by-products 
from t h e  waste. Fur thermore ,  it can be  checked i n  which p o s i t i o n  of 
t h e  adso rbe r  u n i t  t h e  s i n g l e  components of t h e  was te  are adsorbed. 
Fig.  5 shows deso rp t ion  cu rves  o f  compounds o u t  o f  d i f f e r e n t  wastes.  
The cu rves  i n  t h e  lower d iagram are gained from carbons  loaded i n  de- 
c a n t e r  waste water  w i th  a TOC-content of 1000 mg/l, t aken  from a pos i -  
t i o n  of t h e  column n e a r  t h e  w a t e r  i n l e t .  The main subs t ances  a r e  phe- 
n o l ,  c r e s o l ,  naphthalene and SO2 from decomposition o f  su lphorous  com- 
pounds. Is t h e  carbon charged  i n  t h e  condensate a f t e r  t h e  t a r  separa- 
t o r  t h e  main subs t ances  are a s  shown i n  t h e  upper diagram: phenol ,  
c r e s o l ,  naphtha lene  , bu t  a d d i t i o n a l  dimethylphenol and hydrocarbons 
C3 and C8. 

Fig. 6 shows d e s o r p t i o n  cu rves  from carbon samples i n  d i f f e r e n t  
p o s i t i o n s  o f  a column t r e a t e d  wi th  decan te r  waste. The carbon o f  t h e  
adsorber  o u t l e t  i s  mainly charged wi th  phenol and su lphorous  compounds. 
I n  t h e  middle of t h e  column a l s o  c r e s o l  i s  adsorbed ,  and i n  t h e  f i r s t  
l a y e r  of carbon a t  t h e  column i n l e t  naphtha lene  is predominantly ad- 
sorbed. From t h i s  exper iments  one can g e t  a concen t r a t ion  p r o f i l e  of 
adsorbed subs tances  over  t h e  l eng th  of t h e  carbon column, as shown i n  
f i g .  7. 

------- -------------- 
Is t h e  adso rp t ion  i n  g e n e r a l  we l l  understood, t h e  thermal  regene- 

The simultaneous p r o c e s s e s  of deso rp t ion  and r e a c t i v a t i o n  a r e  s t u -  
d i e d  i n  lab-sca le  f l u i d i z e d  bed which was ope ra t ed  batchwise.  With 
t h i s  se t -up  t h e  c o n d i t i o n s  f o r  t h e  r egene ra t ion  o f  loaded carbons a r e  
exper imenta l ly  determined. A f t e r  t h e  column t e s t  t h e  charged carbon i s  
r egene ra t ed  i n  t h i s  f l u i d i z e d  bed by vary ing  tempera ture  , res idence  
t i m e ,  and p a r t i a l  p r e s s u r e  o f  s team o r  o t h e r  r e a c t i v e  gases .  By measu- 
r i n g  t h e  adso rp t ion  a c t i v i t y  and t h e  carbon loss of t h e  r e a c t i v a t e d  
carbon t h e  cond i t ions  f o r  r egene ra t ion  a r e  optimized. These d a t a  and 
t h e  amount o f  c i r c u l a t i n g  carbon lead  t o  t h e  des ign  of t h e  r eac t iva -  
t i o n  u n i t .  

4 
I 

1 
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111. P i l o t  p l a n t  

With t h e  d a t a  ob ta ined  i n  t h e  above desc r ibed  tes ts  it i s  pos- 
s i b l e ,  on p r i n c i p l e  , t o  des ign  an i n t e g r a t e d  a d s o r p t i o n / r e a c t i v a t i o n  
p l a n t .  But f o r  commercial purposes it i s  necessa ry  t o  run  tes ts  f o r  
Some t i m e  wi th  a p i l o t  column a t  t h e  w a s t e  producing p l a n t ,  because 
t h e  o p e r a t i o n a l  was tes  can s t r o n g l y  change i n  amount and concent ra -  
t i o n  due t o  t h e  rhythm o f  product ion .  

Bergbau-Forschung, as a r e s e a r c h  i n s t i t u t e  of t h e  mining compa- 
n i e s  o f  WestemGermany, has i n v e s t i g a t e d  wi th  p r i o r i t y  t h e  was te  wa te r  
from coking p l a n t s .  A p i l o t  adso rp t ion  p l a n t  w i th  a maximum through- 
p u t  o f  300 l / h  was i n  ope ra t ion  f o r  t w o  yea r s , and  some of t h e  r e s u l t s  
s h a l l  now be po in ted  ou t .  The flow scheme of t h e  p i l o t  adso rp t ion  p l a n t  
i s  shown i n  f i g .  8. A s i d e  s t r eam o f  decan te r  waste w a t e r  i s  pumped 
t o  a wa te r  r e c e i v e r  through a p r e f i l t e r ,  t o  remove t h e  mechanical im-  
p u r i t i e s .  From t h i s  t h e  waste wa te r  flows from bottom t o  t o p  through 
t h e  adso rp t ion  columns. The d i scha rge  o f  t h e  adsorbent  can t a k e  p l a c e  
through a s p e c i a l  o u t l e t  mechanism dur ing  ope ra t ion .  The f i l l i n g - u p  
of t h e  carbon i s  c a r r i e d  ou t  h y d r a u l i c a l l y  by wa te r  from t h e  r e c e i -  
ver. The f low-ra te  th rough t h e  adso rbe r  w a s  changed between 1 and 
2 0  m/h. To have t h e  p o s s i b i l i t y  of measuring t h e  breakthrough of t h e  
mass-transfer-zone i n  d i f f e r e n t  h e i g h t s  t h e  carbon column h a s  a l eng th  
o f  5 m and t h e  TOC-content as a func t ion  o f  l a y e r  h e i g h t  w a s  continu- 
ous ly  recorded. The t y p i c a l  curves  of breakthrough,  measured i n  t h i s  
p i l o t  columns, a r e  a l r e a d y  shown i n  f i g .  4 .  To g e t  a s u f f i c i e n t l y  
c leaned  w a t e r  t h e  TOC-measurement i n  t h e  l a y e r  h e i g h t  o f  2.50 m was 
taken  a s  sett ing-means f o r  carbon d ischarge .  A reaching  of breakthrough 
o f  95 % input -concent ra t ion  a t  t h i s  p o s i t i o n  l e d  t o  t h e  d i scha rge  o f  
t h i s  completely loaded carbon l a y e r  du r ing  ope ra t ion ,  and t h e  f i l l i n g -  
up of t h e  2.50 m column wi th  f r e s h  r e sp .  r e a c t i v a t e d  carbon. 

F ig .  9 p r e s e n t s  t h e  d a t a  of TOC-removal ove r  an o p e r a t i o n  time 
o f  10 months. As t o  be s e e n  t h e  i n p u t  TOC ranges between 800 and 
1900  mg/l, t h e  ou tpu t  between 80 and 250 mg/l. It was p o s s i b l e  t o  show 
t h a t  t h e  ou tpu t  TOC w a s  caused by cyanides  and th iocyana te s .  The loa- 
ded carbon was r e a c t i v a t e d  i n  a r e a c t i v a t i o n  p i l o t  p l a n t  on t h e  
Bergbau-Forschung area. From f i g .  9 it can be seen  t h a t  i n  t h e  t e n  
months of ope ra t ion  t h e  whole adsorber  f i l l i n g  w a s  r e a c t i v a t e d  29 
times. 

I 

A more d e t a i l e d  informat ion  g ives  f i g .  IO. Here t h e  TOC and BOD- 
I con ten t  i s  p l o t t e d  a g a i n s t  t h e  ope ra t ion  t i m e .  As t o  be seen  t h e  re- 

ranges  f o r  TOC between 90  and 95 % and f o r  BOD between 82 and 99 %. 
For t h e s e  tes ts  w e  used d i f f e r e n t  a c t i v a t e d  carbon wi th  t h e  same g r a i n  
s i z e  o f  2 mm and d i f f e r e n t  f low r a t e s  t o  determine t h e i r  i n f l u e n c e  on 
t h e  impor tan t  parameters  l i k e  wid th ,  Hmz, and v e l o c i t y ,  vF, of t h e  
mass-transfer-zone, and t h e  load ing  of t h e  used carbon. I n  f i g .  11  

t h e  range from 340 t o  500 g/1 bulk d e n s i t y  has no remarkable i n f l u -  
ence ,  b u t  a change i n  t h e  flow rate from 5 t o  2 0  m/h doubles  t h e  va- 
l u e  of HEIT,. 

f luenced  by bulk d e n s i t y  and flow r a t e  a s  shown i n  f i g .  12. The 
achievable  charge of t h e  carbon does n o t  apprec i ab ly  depend on bulk 
d e n s i t y ,  flow r a t e ,  and concen t r a t ion  as shown i n  f i g .  13. 

I moval of COD i s  d i f f e r e n t  from t h a t  of TOC. The percentage  removal 

1 

b HMTZ i s  p l o t t e d  as a func t ion  of flow rate and bulk d e n s i t y .  Within 

I n  a similar way t h e  v e l o c i t y  of t h e  mass-transfer-zone VF i s  i n -  
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The success  o f  r e a c t i v a t i o n  i s  shown i n  f i g .  1 4 .  It w a s  p o s s i b l e  
t o  o p e r a t e  a t  such c o n d i t i o n s  t h a t  t h e  adso rp t ion  a c t i v i t y ,  se t  f o r t h  
f o r  l oad ing  and Hmz, c o u l d  always be r ega ined  f o r  any number o f  ad- 
s o r p t i o n / r e a c t i v a t i o n  c y c l e s .  Fo r  t h e  o p e r a t i o n  costs t h e  knowledge 
o f  t h e  carbon loss is v e r y  impor tan t .  F ig .  15 shows t h a t  a f t e r  a . f i r s t  
p e r i o d  of d i f f e r e n t  c o n d i t i o n s  i n  t h e  r e a c t i v a t i o n  u n i t  t h e  carbon 
loss g o t  i n t o  i t s  s t r i d e  o f  2 t o  2.5 %. During t h e  two y e a r s  of p i l o t  
p l a n t  ope ra t ion  w e  got t h e  average  va lues  of  removal o f  t h e  main i m -  
p u r i t i e s  of the  w a s t e  l i s t e d  i n  t a b l e  I V .  

I m p u r i t i e s  

phenols 
cyanide 
th iocyana te  
i r o n  
s o l i d s  
TOC 

CODm 

Content 

(mg/l) 

650 - 1 4 0 0  
5 - 35 

120 - 450 
4 0  - 150 

300  - 3000 
800 - 2000  

2000 - 4000 

Removal 

( % I  

> 99 
45 - 7 0  

3 0  - 80 
30 

> 99 
85 - 95 
8 0  - 99 

T a b l e  I V :  Content o f  main i m p u r i t i e s  i n  decan te r  waste 
and its removal by adso rp t ion  

I V .  Demonstration p l a n t  

The good r e s u l t s  of p i l o t  p l a n t  o p e r a t i o ?  gave rise t o  p l a n  a 
demonst ra t ion  p l a n t  w i t h  a throughput o f  25 m /h,  t h a t  i s  t h e  e f f l u e n t  
o f  a medium s i z e d  coking  p l a n t .  T a b l e  V g i v e s  t h e  e s s e n t i a l  des ign  
d a t a  ob ta ined  from p i l o t  p l a n t  r e s u l t s .  Fig.  16 shows a scheme of t h e  
p r o j e c t e d  p l a n t .  From a tank  1 t h e  was te  wa te r  i s  pumped through a 
two-stage p r e f i l t e r ,  t h e n  uniformly d i s t r i b u t e d  by a s u i t a b l e  system 
ove r  t h e  c r o s s  s e c t i o n  o f  t h e  adso rbe r  f lowing  from t h e  bottom t o  t h e  
t o p  where it l e a v e s  t h e  adso rbe r  s u f f i c i e n t l y  cleaned. The d i s t r i b u -  
t i o n  sys tem a l lows  also a p l ane  p a r a l l e l  d i scha rge  of t h e  charged ac- 
t i v a t e d  carbon. With an a i r - l i f t  pump 5 t h e  carbon i s  t r a n s p o r t e d  up 
t o  a dewater ing  s c r e e n  6 and t h e n  dosed wi th  a feeding-screw 9 i n t o  
t h e  r e a c t i v a t i o n  u n i t  I O .  The r e a c t i v a t e d  carbon i s  completely wet ted  
i n  t h e  quench tank  11 and then  f e d  back i n t o  t h e  adsorber .  The d e t a i l  
e n g i n e e r i n g  of t h i s  p l a n t  has begun, and w e  hope t h a t  it w i l l  be under 
c o n s t r u c t i o n  by t h e  end o f  t h e  year .  

4 
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waste amount 
ave r  age TOC- conten t 
flow r a t e  
a c t i v a t e d  carbon : bulk d e n s i t y  

g r a i n  s i z e  
TOC-removal 
adsorba te  load ing  
c i r c u l a t i n g  carbon 
carbon loss 

25 m3/h 

1000 mg/l 
10 m/h 

450 g /1  
2,o mm 

95 % 

70 kg C/m3 

0.3 m3/h 
0 .14  kg/m was te  3 

T a b l e  V: Design d a t a  f o r  t h e  demonst ra t ion  p l a n t  

V. Waste water from g a s i f i c a t i o n  p l a n t s  

Due t o  t h e  r i s i n g  demand o f  energy ,  coal g a s i f i c a t i o n  h a s  become 
urgent .  Also  i n  t h e  BRD i n v e s t i g a t i o n s  are made t o  develop new techno- 
l o g i e s  of g a s i f i c a t i o n .  A s  ca rbon iza t ion  i s  t h e  f i r s t  s t e p  of t h e  ga- 
s i f i c a t i o n  p rocess  it is  obvious t h a t  t h e  compounds con ta ined  i n  t h e  
produced waste water are similar t o  t h o s e  conta ined  i n  coking  p l a n t  
e f f l u e n t s .  Lab  tests wi th  waste wa te r  from a semi techn ica l  g a s i f i c a t i o n  
p l a n t  which o p e r a t e s  a t  4 0  atm and tempera tures  of about 9 0 0  OC t o  ga- 
s i f y  5 kg  c o a l  p e r  hour wi th  steam i n  a f l u i d i z e d  bed, have shown t h a t  
t h e  removal of t h e  o r g a n i c  i m p u r i t i e s  by adso rp t ion  on a c t i v a t e d  car- 
bon i s  poss ib l e .  A t  a TOC-content o f  700 mg/$ t h e  achieved adsorba te  
load ing  on t h e  carbon AW2-450 is even h i g h e r  than  t h a t  of t h e  same 
carbon t r e a t e d  wi th  d e c a n t e r  waste. A s  w e  found t h e  c a l c u l a t e d  va lues  
of width and v e l o c i t y  of t h e  mass-transfer-zone are i n  t h e  same magni- 
t ude  as those  determined wi th  d e c a n t e r  waste. To g e t  des ign  parameters  
f o r  commercial p l a n t s  w e  p l a n  p i l o t  column tes ts  a t  a g a s i f i c a t i o n  p i -  
l o t  p l a n t  which i s  under c o n s t r u c t i o n  and w i l l  have an throughput of 
200 kg coa l  p e r  hour ,  resp .  a waste product ion  o f  about 0.5 m3/h. 

V I .  Conclusion 

I n  t h e  i n v e s t i g a t i o n s  desc r ibed  i n  t h i s  pape r  it was t h e  aim to  
optimize t h e  adso rp t ion  and r egene ra t ion  s t e p  i n  o rde r  t o  achieve  a 
h igh  adso rp t ion  e f f i c i e n c y  and a l o w  carbon loss. By i n t e g r a t e d  opera- 
t i o n  o f  t h e  adso rp t ion  i n  a moving bed and t h e  r egene ra t ion  i n  a f l u i -  
d i zed  bed it i s  p o s s i b l e  t o  p u r i f y  coking p l a n t s  e f f l u e n t s  s u f f i c i e n t l y ,  
and r egene ra t e  t h e  loaded carbon a t  a carbon loss less t h a n  3 %, resto- 
r i n g  t h e  adsorp t ion  c a p a c i t y  s imul taneous ly .  These promising r e s u l t s  
have l e d  t o  t h e  des ign  o f  a demonst ra t ion  p l a n t  f o r  p u r i f i c a t i o n  o f  
25 m3/h decan te r  waste.  

Compared wi th  t h e  convent iona l  waste wa te r  t r ea tmen t  systems the  
fo l lowing  advantages of an i n t e g r a t e d  a d s o r p t i o n / r e a c t i v a t i o n  system 
have t o  be  po in ted  o u t  
1. removal of o rgan ic  contamination t o  minimal concen t r a t ions  
2 .  no a d d i t i o n a l  d i s p o s a l  or p o l l u t i o n a l  problems a r e  c r e a t e d  
3. a d a p t a b i l i t y  t o  changes i n  q u a l i t y  and amount of t h e  e f f l u e n t  i n  

a wide range by change i n  amount of  carbon c i r c u l a t i n g  t h e  adsorp- 

h 
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t i o n / r e g e n e r a t i o n  p l a n t  
4 .  r egene ra t ion  of t h e  carbon a l lows  its r e u s e  f o r  many cyc le s  
5. a very smal l  f l o o r  s p a c e  r equ i r ed .  

These advantages r e s u l t  i n  t h e  f a c t  t h a t  adsorp t ion  on a c t i v a t e d  
' c a rbon  i s  a s u i t a b l e  p r o c e s s  f o r  t h e  p u r i f i c a t i o n  of concen t r a t ed  i n -  
d u s t r i a l  wastes. 



c 
compound i n  TOC CODW s o l u t l o n  

(100 mg/l )  (mg/l)  (mg/ l )  

N a C l  0 3 , 3  
0 N H q C l  9 , 1  

H2S 

Na2C03 1 1 , 3  
NHiSCN 1 5 , 8  64 

0 190 
HCN 
p h e n o l  76,6 238 
o-cresol 77'7 173 
m-cresol 77 ,7  172 
p y r i d i n e  75 ,7  Ot6 

70,s  0,2 

benzene  9 2 , 5  0 8 8  
n a p h t h a l e n e  93 ,6  23,4 
a n t h r a c e n e  9 4 , 5  16 ,2  
C1-ion 0 5 , s  
SCN-ion 20 ,7  77,6 
SOj-ion 0 19 ,7  

L 

BOD5 

(mg/ l )  

- - - - 
187 

0 
178 
164 
170 
115 

0 
0 
0 

- - 
- 

T a b l e  I: Composi t ion  o f  waste water from c o k i n g  p l a n t s  

~~~ 

compounds 

NH3 ( t o t a l )  
NH3 (uncom- 

b i n e d )  

c o 2  
H2S 
HCN 

HCNS 

p h e n o l s  

p y r i d i n e b a s e s  
f i x .  a c i d s  

pH-value 

c o n d e n s a t e  

(mg/l)  

6 0 0 0  - 8000 

2000 - 6000 

2400  - 3900 

300 - 900 
55 
50 

700 - 3200 
200 - 500 

8,O - 9,0 

8500 - 15000 
8000 - 12000 

3000 - 14000 
1000 - 5000 

200 - 2000 
700 - 1200 

2000 - 3000 
100 - 2 0 0  

3400 - 5600 

9.0 - 9.5 

2 0  - 4500 
2 0  - 1000 

- 
2 - 50 

0 - 20 
0 - 800 

50  - 2500 
- 

2 0  - 600 

5,O - 1 1 , s  

I T a b l e  11: C h a r a c t e r i s i n g  v a l u e s  o f  compounds from c o k i n g  l- p l a n t  e f f l u e n t s  
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phenols ammonium 
thiocyanate 

sulphide 
metal-ions 

thiocyanate anunoniumchloride 
thiosulphate 

phenols 
metal-ions 

ammonia phenols 
thiocyanate 

I cyanide 

Table 111: Limiting values for biologica l  treatment of 
coking plant e f f luents  
temperature : 
pH-value : 6,5  - 8,0 
phenol-content: < 500 mg/l 

25 - 35 OC 

contraries compounds 
to decompose l imit ing values 

(mg/l) 

1700 
2 5 0  

25  
5 

1000 
100 

25 
5 

5 0  
1 0  
1 0  
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6F 
1976 5189 pig. ::Adsorption isotherms for different 

wastes and activated carbons 

VERSUCHS-NR 3 

Fiq. 4 :  
TOC-breakthrough measured in pilot column test 

with decanter waste (flow-rate 10mlh I 

4 

I 

1 
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rmwnt ot d.rorm compounds 1 

I- tota l  

1.5 - 

1.0 - 

0.5 - 

0- , 
0 5,b bed depth I 

Desorption of compounds from 
octivatad carbon lcolumntestl 1 9 7 4  S F  I 

ammonia ab 

1 decanter 

4 9 
10 

9 conveymq water 
2 heal exchanger 6 a d r o r p l m  column 10 discharge 
3 pump 7 tank 11 ,clean water 
4 pr.1ilt.r 8 back washing 

Purification of coking plant effluents 
- Di lOt  Dlants flow sheet - ig. '' 
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1 waste water tank 6 dewatering screen I1  quench tank 
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4 water distribution 9 feeding screw I 4  tank 
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COAL GASIFICATION AND THE PHENOSOLVAN PROCESS 

Milton R. Beychok 

Consulting Engineer, I r v i n e ,  C a l i f o r n i a  

On t h e  b a s i s  of cu r ren t  t r ends  i n  t h e  supply and demand of energy, 
t he  world f aces  a s e r i o u s  shortage of petroleum crude o i l .  I n  the U . S . ,  
t he  shortage of crude o i l  is compounded by an equa l ly  s e r i o u s  dwind- 
l i n g  of n a t u r a l  gas supp l i e s .  Unless a l t e r n a t i v e  energy supp l i e s  a r e  
developed, w e  f ace  a tremendous economic d ra in  on our c a p i t a l  resources  
from t h e  high c o s t  of imported crude o i l .  

Because of t h i s  s i t u a t i o n ,  t h e r e  has been a dramatic acce le ra t ion  
i n  t h e  development of plans t o  produce clean-burning gas from coa l  ( 1 ) .  
By 1976-1977, two such p r o j e c t s  should be coming onstream i n  t h e  Four 
Corners a rea  of N e w  Mexico ( 1 , 2 ) ,  each producing 250 m i l l i o n  standard 
cubic  f e e t  per  day of s u b s t i t u t e  n a t u r a l  gas (SNG). Other c o a l  gas i f -  
i c a t i o n  p r o j e c t s  a r e  under considerat ion and design f o r  Wyoming, Mont- 
ana and t h e  Dakotas. 

The N e w  Mexico p r o j e c t s  w i l l  each g a s i f y  about 25,000 t o n s  per day 
of coa l ,  and w i l l  each produce about 105-110 tons per day of byproduct 
crude phenol ( 2 )  -- a s  w e l l  a s  o the r  byproducts. The g a s i f i c a t i o n  
process uses  steam, a s  a source of hydrogen, t o  produce methane SNG 
from t h e  coa l  carbon. Byproduct crude phenol is recovered from t h e  
phenolic steam condensate (gas  l i q u o r )  which r e s u l t s  from condensing 
and removing t h e  excess g a s i f i c a t i o n  process  steam. 

The p r o j e c t s  i n  N e w  Mexico w i l l  use  t h e  Lurgi* coa l  g a s i f i c a t i o n  
process -- and t h e  bulk e x t r a c t i o n  of crude phenol from t h e  phenolic 
gas l i quor  w i l l  u t i l i z e  Lurg i ' s  Phenosolvan l i q u i d - l i q u i d  e x t r a c t i o n  
process.  

COAL GASIFICATION 

Figure 1 p resen t s  a s impl i f i ed  flow diagram of t h e  process  s t e p s  
involved i n  the  Western Gas i f i ca t ion  Company's p r o j e c t  i n  New Mexico 
( 2 , 3 ) .  A s  shown i n  Table 1, t h a t  p r o j e c t  w i l l  process  52,700 tons/day 
of c o a l ,  steam, water and oxygen -- t o  produce 5,440 tons/day (250 
MM SCFD)  of SNG, p lus  47,260 tons/day of byproducts which include the 
105 tons/day of crude phenol ( 2 , 3 ) .  The p e r t i n e n t  process  s t e p s  can be 
b r i e f l y  summarized a s  ( 2 , 3 ) :  

G a s i f i e r s  -- r eac t ion  vessels wherein c o a l ,  steam and oxygen a r e  r eac t -  
ed under con t ro l l ed  condi t ions t o  y i e l d  a crude gas con ta in ing  methane, 
hydrogen, carbon oxides ,  excess steam, and va r ious  byproducts and 
impur i t i e s .  Only some 40% of t h e  p l a n t ' s  endproduct methane SNG is 

* Lurgi Mineraloltechnik GmbH, Frankfurt  (Main), Germany. The p r o j e c t s  
i n  Wyoming, Montana and t h e  Dakotas a l s o  plan t o  use Lurgi technol- 
o m .  
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produced i n  the g a s i f i e r s .  Subsequent r eac t ion  s t e p s  produce t h e  
remainder of t h e  methane. 

Gas Cleaninq -- t h e  cooled gas  i s  cooled and scrubbed wi th  water t o  
remove t a r s ,  heavy o i l s  and phenols.  The t a r s  and o i l s  a r e  recovered 
as byproducts. The phenol ic  water ( g a s  l i q u o r )  i s  processed i n  a sub- 
sequent s t e p  (Phenosolvan e x t r a c t i o n )  f o r  recovery of byproduct phenol. 

S h i f t  Conversion -- excess  carbon monoxide i n  the crude gas i s  c a t a l -  
y t i c a l l y  "shif ted" (converted)  t o  carbon dioxide t o  provide the  3-to-1 
r a t i o  of hydrogen-to-carbon monoxide required f o r  add i t iona l  methane 
s y n t h e s i s  i n  t h e  subsequent methanation s t e p .  

Gas Coolinq -- t h e  s h i f t e d  gas  is aga in  cooled t o  remove add i t iona l  
o i l  byproducts and any r e s i d u a l  phenolic gas l i q u o r .  

Acid Gas Removal -- t h e  R e c t i s o l  absorbt ion process ,  using low temp- 
e r a t u r e  methanol, s e l e c t i v e l y  removes hydrogen s u l f i d e  and carbon 
dioxide from t h e  cooled gas.  Pre-cooling a t  t he  Rect isol  u n i t  e n t r y  
recovers  byproduct naphtha. 

Methanation -- carbon monoxide and hydrogen a r e  c a t a l y t i c a l l y  combined 
t o  form methane and byproduct water.  About 60% of the  endproduct S N G  
i s  produced i n  t h i s  s t e p .  

Compression -- t h e  f i n a l  dry and p u r i f i e d  gas  is compressed and then 
de l ive red  t o  t h e  p i p e l i n e  with a hea t ing  value of about 980 Btu/SCF. 

Phenosolvan -- t h e  gas l i q u o r s ,  from t h e  gas  scrubbing and gas cool ing 
s t e p s ,  a r e  processed i n  a Phenosolvan u n i t .  Crude phenol is e x t r a c t e d  
and recovered a s  a byproduct. The r e s i d u a l  water e f f l u e n t  is f u r t h e r  
processed i n  a b i o t r e a t i n g  u n i t  and then reused within the p l a n t .  

Auxil iary Services  -- t h e  a u x i l i a r y  u n i t s  include cryogenic a i r  f r a c t -  
' ionation t o  supply oxygen t o  t h e  g a s i f i e r s ,  a Claus s u l f u r  p l a n t  t o  
convert  gaseous hydrogen s u l f i d e  (removed by t h e  Rec t i so l  u n i t )  t o  
byproduct s u l f u r ,  a steam b o i l e r  p l a n t ,  a cool ing water system, and 
wastewater t r e a t i n g  and reuse systems. 

PHENOSOLVAN PROCESS 

The Phenosolvan process  i s  a l i qu id - l iqu id  e x t r a c t i o n  process 
developed by Lurgi and f i r s t  commercialized i n  about 1940. The process  
was o r i g i n a l l y  developed t o  e x t r a c t  phenols from t h e  aqueous gas  l i quor  
obtained i n  coke oven p l a n t s .  Since 1940, about 32 commercial Pheno- 
solvan p l an t s  have been i n s t a l l e d  worldwide, ranging i n  capac i ty  from 
2 t o  1000 gal lons per  minute of gas l i quor  throughput. 

Figure 2 p re sen t s  a s impl i f i ed  flow diagram of the  Phenosolvan 
process  a s  proposed f o r  use i n  t h e  New Mexico coa l  g a s i f i c a t i o n  pro- 
jects ( 2 ) .  The incoming gas l i q u o r  i s  f i l t e r e d  through a gravel bed and 
then contacted w i t h  so lven t  ( isopropyl  e t h e r )  i n  mult i -s tage mixer- 
settlers. The phenol-r ich so lven t  ( e x t r a c t )  i s  d i s t i l l e d  t o  recover 
l ean  so lven t  f o r  reuse,  and then  s t r i p p e d  t o  remove and recover r e s id -  
u a l  so lven t .  The dephenolized l i q u o r  ( r a f f i n a t e )  is gas-stripped t o  
remove and recover so lven t .  The l i quor  is then  steam-stripped t o  remove 
ac id  gases  (hydrogen s u l f i d e  and carbon d iox ide ) ,  followed by steam- 
s t r i p p i n g  t o  remove ammonia. 

I 

1 
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Some knowledge of the phenols and other organics, that may be 
present in the gas liquor, is needed to predict the extraction per- 
formance of the Phenosolvan unit. In general, the Phenosolvan process 
will extract more than 99% of the mono-hydric phenols, but the gas 
liquor will contain organics other than mono-hydric phenols. 

A s  a generic term, "phenols" include 6,7 and 8-carbon aromatics 
with one hydroxyl group -- the mono-hydric phenol, cresols, xylenols 
and ethylphenols. "Phenols" also include poly-hydrics having two or 
more hydroxyl grou s such as catechol and resorcinol, which are 
benzene [CgHq(OH) 2 5  isomers (4). 

gasification plant is proprietary information. It will vary with diff- 
erent coal supplies and it will vary with different gasification pro- 
cesses and conditions. However, based on published literature (5,6, 
7,8) furnished by Lurgi, the mono-hydric phenols may constitute as 
much as 75-85% of the organics in the gas liquor. The poly-hydrics 
in the gas liquor may be as much as 34% of the total phenols(7). The 
gas liquor may also contain organic bases (pyridines), neutral oils, 
and perhaps other organic acids (for example, naphthenic acids). 
Lowenstein-Lorn's studies (9) of gas liquors from Czechoslovakian coal 
carbonization plants confi,rms that the phenolic extracts may contain 
as much as 75-80% mono-hydrics, and as much as 30-35% poly-hydrics 
including pyrocatechol, resorcinol and their homologues. 

For the purposes of this paper and based on the above published 
literature, it has been assumed that the crude phenol extracted from 
the coal gasification gas liquor will contain (on a water- free 
basis) : 

The expected composition of the gas liquor produced in a coal 

85% mono-hydric phenols 
15% poly-hydric phenols 

5% other organics 

We may also assume that the mono-hydric phenol distribution 
coefficient (KD) for the system isopropyl ether-phenol-water is 20, 
and that the veight flow ratio of liquor to solvent ( W / S )  is 10 for 
a typical design(5). With these assumptions, we may use the folldwing 
equation for multi-stage extraction with a perfectly lean solvent (4) 
to predict the extraction recovery of mono-hydric phenols: 

t 

where: E 
n 
XW 
Xn 

xw/xn 

KJJ(S/W) = 20(1/10) = 2 
equilibrium extraction stages 
phenols in entering liquor 
phenols in exiting liquor 
1000 for 99.9 % extraction 

Equation 1 confirms that 9 equilibrium extraction stages will extract 
99.9% of the mono-hydric phenols, and that number of equilibrium 
stages would probably be a reasonable design. 

Based on Weisner's paper furnished by Lurgi (8), the Phenosolvan 
process may extract as much as 70% of the organics other than mono- 
hydric phenols. Lowenstein-Lom (10)  determined phenol and catechol 
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distribution coefficients for over 40 possible solvents, including 
6 aliphatic ethers. For the ethers, his data indicate that the 
catechol KD averaged 35% of the phenol KD (the range was 20-52%). If 
we therefore assume a catechol KD of 7 (which is 35% of the phenol 
KD of 20 used above), and we use 9 equilibrium stages, we can obtain 
from Equation 1 : 

- - 0.71° - 1 
0.7 -1 +/Xn = 

If xw = 100, then xn 

Thus. the catechol extraction would be 

3.24 

= 30.8 

about 70% which aenerallv 
~ - 

confirms Weisner's (8) statement regarding extraction of organics 
other than mono-hydric phenols. 

For the purposes of this paper, based on the above, it has keen 
assumed that extraction recoveries in the coal gasification plant 
Phenosolvan unit will be about: 

99.5% for mono-hydric phenols 
60.0% for poly-hydric phenols 
15.0% for other organics 

Finally, based on a gas liquor rate of 2,700 gallons per minute 
for the Western Gasification Company's project ( 2 , 3 ) ,  Table 2 presents 
a calculated material balance for the Phenosolvan unit using the 
assumptions derived above. A s  shown in Table 2, the 105 tons/day of 
extracted byproduct crude phenol represents an overall removal of 75% 
of the organics that may be contained in the gasification plant gas 
liquor. 

Using BOD5 factors that can be obtained from stoichiometric 
oxygen demands, and the assumption that BOD5 is 68% of the stoichio- 
metric, Table 2 estimates that the incoming gas liquor will have a 
BOD5 of about 13,000 ppm. This will be reduced about 84% to yield an 
effluent liquor with a BOD5 of about 2,150 ppm. [For those who are un- 
familiar with BOD5 and stoichiometric oxygen demands, Beychok has pub- 
lished a fairly complete discussion of these and other terms related 
to wastewater quality (11)] 

SUMMARY 

A number of large coal gasification projects are under serious 
consideration in the Western United States. Two of these should start 
full-saale operations in New Mexico during 1976-1977 -- each gasify- 
ing about 25,000 tons/day of coal and each producing about 250 MMSCFD 
of methane SNG. These New Mexico projects will each produce about 
105 ton/day of byproduct crude phenol. 

The crude phenol byproducts will be extracted in Phenosolvan 
units, which have been extensively used in similar applications world- 
wide since about 1940. The Phenosolvan process uses isopropyl ether 
solvent for the liquid-liquid extraction of phenolics from the liquors 
produced from coal gasification. For the Western Gasification Company 
coal gasification project, planned for New Mexico, this paper has 
estimated that the Phenosolvan process will recover 105 tons/day of 
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crude phenol from 2,700 gallons per minute of gas liquor containing 
about 142 tons/day of various phenols and other organics. The estim- 
ated phenol recovery will reduce the gas liquor BOD5 about 84% and 
the effluent liquor from the Phenosolvan unit will be further prucess- 
ed in a biotreater before being completely reused within the plant. 

The author wishes to acknowledge the help of Herr Paul Rudolph 
of Lurgi GmbH who kindly furnished many of the references which made 
this paper possible. 
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TABLE 1 

LURGI GASIFICATION MATERIAL BALANCE 

(Basis :  250 MMSCFD of SNG product gas  ) 

INPUTS : 
Sized c o a l  
Steam and water 
Oxygen 

T O  TAL 

OUTPUTS : 
Product g a s  
Crude phenol 
Ash 
Reuse water 
Byproduct watera 
Tars, o i l s  and naphtha 
Offgas t o  sulfur p l a n t b  
C02 ven t  gas  
Ammonia and waterC 

mTAL 

Short Tons 
per  day 

Weight 
% 

21,860 
25,160 

5,680 

41.48 
47.74 
10.78 

52,700 

5,440 
105 

5,876 
17,851 

3,730 
1,475 

792  
16,631 

800 

52,700 

100.00 

10.32 
0.20 

11.15 
33.87 

7.08 
2.80 
1 .so 

31.56 
1.52 

100.00 

Notes : 

a -- Water produced i n  methanation r e a c t i o n ,  and a l s o  reused. 
b -- Contains 183.7 tons/day of s u l f u r  i n  form o'f hydrogen s u l f i d e  
c -- Contains approx. 180 tons/day of f r e e  ammonia 
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t TABLE 2 

CALCULATED PHENOSOLVAN MATERIAL BALANCE 
(for coal gasification gas liquor) 

FEED LIQUOR EFFLUENT 
lbs/hr ppm lbs/hr ppm 

Water, l o 6  lbs/hr 1.35. - 1.35  - 
Mono-hydric phenols 
Poly-hydric phenols 
Other organics 

TOTALS, water-f ree 

7,475 5,537 37 27 
1,458 1,080 583 432 
2,913 2,158 2,476 1,834 

11,846 8,775 3,096 2,293 
---- 

TOTALS, water-free, tons/day 142 - 37 - 
BOD5 (estimated), ppm - 12,976 - 21151 

7,438 85 
8.7 5 15 
437 5 

8,750 100 

105 - 

-- 

Basis: 

(a) 2700 gallons per minute (1.35 x l o 6  lbs/hr) of water flow 
(b) 105 tons/day of extracted crude phenol 

(c) Assumed composition of crude phenol: 
85% mono-hydric phenol 
15% poly-hydric phenol 

5% other organics 

(d) Assumed extraction recoveries: 
99.5% for mono-hydric phenols 
60.0% for poly-hydric phenols 
15.0% for other organics 

( e )  BOD5 factors: 
mono-hydric phenols = 1 .7  
poly-hydric phenols = 1.9 

other organics = 0.7 
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EFFLUENT TREATMENT AND ITS COST FOR THE SYNTHANE COAL-TO-S.N.G. PROCESS 

Joseph P. S t r akey ,  Jr.,  Alber t  J. Forney, William P. Haynes 
U. S. Bureau of Mines, 4800 Forbes Avenue, P i t t sbu rgh ,  Pa. 

Kenneth D. Plan t s  
U. S. Bureau of Mines, P. 0. Box 880, Morgantown, W. Va. 

In t roduc t ion  

A f u l l  s ca l e  c o a l  g a s i f i c a t i o n  p l a n t  w i l l  convert  coa l  conta in ing  l a r g e  amounts 
of ash and s u l f u r  i n t o  250 x 106 sc fd  of S.N.G. which can be u t i l i z e d  i n  an environ- 
mentally-acceptable manner. The g a s i f i c a t i o n  p l a n t  i t s e l f  w i l l  r e q u i r e  ex tens ive  
con t ro l s  t o  prevent the  release of l a r g e  q u a n t i t i e s  of p o l l u t a n t s  t o  t h e  environment. 
The SYNTHANE process (1) is  one of fou r  new coal-to-S.N.G. processes t h a t  is pro- 
ceeding t o  the  l a r g e  p i l o t  p l a n t  s c a l e  (it w i l l  ga s i fy  75 tons  of coal/day).  One 
of t he  p r inc ipa l  ob jec t ives  of t h e  p i l o t  p l a n t  is  t o  determine t h e  environmental  
a spec t s  of the  process  and t o  develop t h e  necessary  treatment techniques.  A com- 
p l e t e  and accura te  accounting of t h e  environmental  a spec t s  w i l l  await  t he  opera t ion  
of t he  p i l o t  p lan t .  
t h e  smal l  (20-40 l b . / h r )  g a s i f i e r  t o  p r o j e c t  t h e  environmental impact of a f u l l  s c a l e  
SNYTHANE p lan t  and e s t ima te  t h e  c o s t  o f ' c o n t r o l s .  The g a s i f i e r  i s  t h e  same a s  the 
l a r g e  g a s i f i e r  except  i n  s c a l e  and t h e  e f f l u e n t s  should be a reasonable  representa- 
t i o n  of those  t o  be expected from a f u l l  s c a l e  p l an t .  The cha r s ,  tars, gases ,  and 
water from t h i s  g a s i f i e r  have been ex tens ive ly  analyzed and repor ted  (2). 

In t h e  s tudy  presented he re ,  we have used t h e  d a t a  co l l ec t ed  i n  

Gaseous Ef f luen t s  

Coal s to rage  and p repa ra t ion  would b e  t h e  same a s  t h a t  f o r  a 1800 W e  coa l - f i red  
power p l a n t  and no s p e c i a l  problems are an t i c ipa t ed .  I n  the  75 ton/day SYNTHANE p i l o t  
p l a n t ,  t h e  coal p u l v e r i z e r  i s  swept wi th  a c l ean  hot  f l u e  gas from an o i l - f i r e d  fur- 
nace t o  d r y  and t r a n s p o r t  t h e  coa l .  I n  a f u l l  s c a l e  p l a n t ,  t h e  m i l l  could be swept 
wi th  hea ted  a i r .  A baghouse w i l l  remove p a r t i c u l a t e s  from t h e  d ischarge ,  and no in- 
c r ease  i n  emissions would r e s u l t .  

The lock  hoppers used t o  in t roduce  the  coa l  i n t o  t h e  system a t  1000 p s i g  a r e  

i s  r e l a t i v e l y  pure. 
p re s su r i zed  with C02 recovered from the  ac id  gases.  
from the  a c i d  gases i n  t h e  75 ton/day p i l o t  p l a n t  so t h e  CO 
a Claus p l a n t  is used in p lace  of  t h e  S t r e t f o r d ,  t he  C02 w i l l  conta in  s u l f u r  compounds 
and the  lock  hopper gas should b e  vented through the  b o i l e r  i n  order  t o  conver t  a l l  
t h e  s u l f u r  compounds t o  S02. 
d i r e c t l y  t o  the atmosphere, f i l t e r s  would be used t o  remove c o a l  dus t .  

A S t r e t f o r d  p l a n t  removes H2S 
If 

I f  t h e  lock  hoppers are vented through t h e  b o i l e r  o r  

Pretreatment of t he  c o a l  when r equ i r ed ,  is done a t  p re s su re  and t h e  o f fgas  i s  
mixed wi th  the product gas  from t h e  g a s i f i e r  and no e f f l u e n t s  are crea ted .  Char is 
withdrawn from t h e  bottom of t h e  g a s i f i e r  and i s  passed through a char  cooler  where 
the temperature is  lowered from 18000 F t o  6000 F by a water spray. The steam gene- 
r a t e d  h e r e  i s  used i n  t h e  s h i f t  r e a c t o r ,  and no gaseous e f f l u e n t  r e s u l t s .  The char 
is brought t o  atmospheric p re s su re  i n  lock  hoppers pressur ized  wi th  steam. The char 
is low i n  v o l a t i l e  matter so no problems a r e  a n t i c i p a t e d  i n  handling the  lock hopper 
steam. 

No gaseous e f f l u e n t s  a r e  c rea t ed  i n  the  gas cleanup s e c t i o n  of t h e  p l an t  o r  i n  
t h e  s h i f t  reac tor .  

1 

I 
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The ac id  gases  removed i n  the  ho t  carbonate system a r e  t r e a t e d  i n  the  S t r e t f o r d  
o r  Claus p l an t  and the  t rea tment  of t h e  e f f l u e n t s  is d iscussed  below. F ina l  s u l f u r  
cleanup and methanation in t roduce  no gaseous e f f l u e n t s .  

The major gaseous s u l f u r  e f f l u e n t  r e s u l t s  from t h e  combustion of t h e  cha r  pro- 
duced i n  t h e  g a s i f i e r .  In  the  SYNTHANE process ,  t h e  amount of char  produced is j u s t  
s u f f i c i e n t  t o  supply t h e  energy needed f o r  steam genera t ion  s o  a "balanced" condi t ion  
r e s u l t s .  This balance po in t  occurs when the  carbon conversion upon g a s i f i c a t i o n  i s  
approximately 65%. The s u l f u r  conten t ,  and ana lyses ,  of fou r  d i f f e r e n t  coa l s  and the  
chars  produced from them, i s  shown i n  Table 1. Su l fu r  conten t  of t he  chars  v a r i e s  
from 0.2 t o  1.8% S. These d a t a  were se l ec t ed  from runs  where t h e  carbon conversion 
was near  65%. For the  high s u l f u r  e a s t e r n  c o a l s ,  combustion of t h e  char w i l l  r e s u l t  
i n  SO2 emissions i n  excess of p re sen t  emission s tandards .  

In  the  con t ro l  s t r a t e g y  presented  he re ,  t h e  char - f i red  b o i l e r  i s  a l s o  used as an 
inc ine ra to r  to d ispose  of s u l f u r  bearing streams produced i n  o the r  p a r t s  of t he  p l an t .  
One such stream is produced i n  t h e  water treatment p l a n t  where t h e  ammonia s t r i p p i n g  
s t e p  produces an  o f fgas  conta in ing  C02, H2S, and HCN. This o f fgas  i s  inc ine ra t ed  i n  
t h e  b o i l e r  where t h e  H2S is  converted t o  SO2 and t h e  very  s m a l l  amount of HCN i s  con- 
ver ted  t o  H20, Cog, N2 and perhaps some NO . 
propor t ion  t o  t h e  s u l f u r  i n  t h e  char ,  rangfng from 4 t o  11% of t h e  char  s u l f u r  f o r  
t he  d i f f e r e n t  coa ls .  

The s u l f u r  i n  t h i s  o f f g a s  is small  i n  

The t a i l g a s  from t h e  S t r e t f o r d  o r  Claus p l a n t  is a l s o  i n c i n e r a t e d  i n  t h e  char- 
f i r e d  b o i l e r .  The S t r e t f o r d  t a i l g a s  conta ins  only very smal l  q u a n t i t i e s  of s u l f u r  
compounds and i n c i n e r a t i o n  of t h i s  stream se rves  mainly t o  prevent  ob jec t ionable  
ground l e v e l  concent ra t ions  of CO2. 

The SO2 emissions f o r  t h e  S t r e t f o r d  case are shown i n  t h e  f i r s t  row of t a b l e  2 
i n  pounds of SO2 per  m i l l i o n  Btu ' s  of char f i r e d .  Also shown i s  t h e  percent  removal 
of SO2 needed t o  m e e t  t h e  New Source Performance Standard of 1.2  l b .  of SO2 per  m i l -  
l i o n  BTU. 
No scrubbing is requi red  f o r  t h e  western coa ls .  

The high s u l f u r  e a s t e r n  coa ls  w i l l  r equ i r e  SO2 scrubbing of 36 and 67% 

Another op t ion  which w a s  considered i s  t h e  combustion of the  tars (see t ab le  1) 
produced i n  g a s i f i c a t i o n  a long  wi th  the  char.  
of t he  necessary hea t ;  t h e i r  s u l f u r  conten t  v a r i e s  from 1.1 t o  2.7%. I n  t h i s  case ,  
t h e  char would be  g a s i f i e d  t o  a h ighe r  carbon conversion t o  main ta in  balanced opera t ion .  
Emissions were ca l cu la t ed  f o r  t h i s  case  by assuming equal  percentage g a s i f i c a t i o n  of 
the  C , H , N , O , S  t o  g ive  t h e  des i r ed  reduct ion  i n  char mass and hea t ing  value.  The e m i s -  
s ions  a r e  shown i n  t h e  second row of t a b l e  2. For t h e  I l l i n o s  coa l ,  t h e  percent  remo- 
v a l  of SO2 needed is increased  from 36 t o  52% but  i s  almost unchanged f o r  t h e  western 
Kentucky coal.  

These tars can f u r n i s h  from 16 t o  24% 

The western coa l s  s t i l l  r e q u i r e  no SO2 scrubbing. 

Another op t ion  is  t o  d e s u l f u r i z e  t h i s  t a r  before  combustion. This has been done 
f o r  one SYNTHANE tar i n  t h e  Bureau's SYNTHOIL p i l o t  p l a n t  ( 3 , 4 ) .  The s u l f u r  conten t  
was reduced from 1.8% t o  0.56% when hydrodesulfurized under r e l a t i v e l y  mild condi t ions  
of 4250 C and 2000 ps i .  Based on experience wi th  c o a l  tars, it is bel ieved  t h a t  t h e  
s u l f u r  l e v e l s  could be reduced t o  0.1% by opera t ing  a t  450° C and 4000 psi .  Assuming 
t h i s  f r a c t i o n a l  s u l f u r  removal, t h e  emissions have been ca l cu la t ed  f o r  the case  of 
combustion of char  p lus  desu l fu r i zed  t a r  inc luding  the  s u l f u r  from the  anrmonia s t r i p -  
ping s t e p .  Only a r e l a t i v e l y  Small 
decrease i n  emissions over t h e  case  of char  combustion a lone  r e s u l t s  and the  added C O S t  
of t h e  desu l fu r i z ing  s t e p  would not  be  j u s t i f i e d .  

The r e s u l t s  a r e  shown i n  the t h i r d  row of t a b l e  2. 

A Claus p l an t  could be operated i n  p lace  of t he  S t r e t f o r d  process .  The feed gas  
t o  the  Claus p l a n t  would con ta in  about 4% H2S f o r  t h e  high s u l f u r  coa ls .  
t i o n  with such a l ean  gas i s  not  normal p r a c t i c e ,  p l a n t s  have opera ted  wi th  a s  low as 

While opera- 
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1.9% H2S (5) wi th  r ecove r i e s  of 70%. 
with t h e  low s u l f u r  wes tern  coa l s .  To compare t h e  emissions f o r  t h i s  case ,  a s u l f u r  
recovery e f f i c i ency  of  80% w a s  assumed wi th  t h e  t a i l g a s  being inc ine ra t ed  i n  t h e  b o i l e r .  
A s i g n i f i c a n t  i nc rease  i n  emiss ions  r e s u l t s  as shown i n  the  fou r th  row of t a b l e  2. Ap- 
proximately 80% removal e f f i c i e n c y  i s  r equ i r ed  f o r  t h e  SO2 scrubbing system which is  
w e l l  w i t h i n  t h e  realm of p re sen t  technology. Emissions a r e  a l s o  shown f o r  t h e  case  
where t h e  t a r s  a r e  combusted a long  wi th  the  char .  

It i s  un l ike ly  t h a t  a Claus p l a n t  could be used 

The recovery of H2S from t h e  ac id  gases could be  omitted e n t i r e l y  and t h e  s u l f u r  
could be  removed a s  SO2 from t h e  b o i l e r  a f t e r  i nc ine ra t ion .  
e f f i c i e n c i e s  i n  excess of 90% f o r  t h e  e a s t e r n  coa l s ,  a s  shown i n  t a b l e  2 ,  which would 
not  be  p r a c t i c a l ,  bu t  f o r  t h e  wes tern  coa l s  t h i s  is  a d e f i n i t e  p o s s i b i l i t y .  For the  
wes tern  coa l s ,  the removal e f f i c i e n c i e s  needed would be  70 and 86%. Also shown i n  
t a b l e  2 are t h e  emissions f o r  combustion of t h e  t a r  along wi th  the  char. 
emission l i m i t s  can b e  m e t  by proper  design of t he  b o i l e r  u s ing  techniques such as 
t a n g e n t i a l  f i r i n g  and o v e r f i r e  a i r .  

This would r equ i r e  removal 

The NO, 

An e s t ima te  of t h e  c o s t  of a i r  p o l l u t i o n  con t ro l s  can be  made. It h a s  been assumed 
here  t h a t  t he  S t r e t f o r d  o r  Claus p l a n t  is  p a r t  of t h e  b a s i c  coa l  g a s i f i c a t i o n  process 
even though it is a c t u a l l y  inc luded  t o  reduce emissions and i t s  cos t  has not  been 
included. 
based on t he  b o i l e r  s i z e .  
capac i ty  of about 514 W e .  

For t h e  worst  c a s e  (W. Kentucky coa l ) ,  convent iona l  l i m e  o r  l imestone scrubbing 

The cost of  t h e  SO2 scrubbing system is taken to be equiva len t  t o  $35/KW 
The char f i r e d  b o i l e r  would have an equiva len t  genera t ing  

of nea r ly  a l l  of t he  f l u e  gas  would be needed t o  achieve  t h e  removal e f f i c i e n c y  of 67% 
with t h e  S t r e t f o r d  p l a n t  and 80.8% wi th  t h e  Claus p l a n t .  The c a p i t a l  cos t  would then 
be $17,987,000. The ope ra t ing  c o s t ,  a t  2 mills/kwh (a moderate t o  high number) would 
be  $8,140,000 per yea r ,  o r  $ .0987 pe r  thousand f t 3  of S . N . G .  I f  I l l i n o i s  No. 6 coal 
is used ,  scrubbing would only be necessary  on about ha l f  of t h e  b o i l e r  ou tput  i f  the 
S t r e t f o r d  process is used. The c o s t  would be correspondingly reduced. 

Sol id  E f f l u e n t s  

The major so l id  e f f l u e n t s  w i l l  be s u l f u r ,  ash ,  and lime sludge. A 250 x lo6  scfd 
p l a n t  gas i fy ing  one of t h e  e a s t e r n  c o a l s  w i l l  produce about 24 ton/hr of e lementa l  
s u l f u r  from t h e  S t r e t f o r d  p l a n t .  
s i t u a t i o n  i s  un l ike ly  t o  cont inue  and d i s p o s a l  methods such as re tu rn ing  t h e  s u l f u r  
t o  t h e  worked-out mine may u l t i m a t e l y  be necessary.  

Although it  is  s a l a b l e  i n  t h e  near  f u t u r e ,  t h i s  

A l l  of t h e  coal ash  w i l l  end up a s  p a r t i c u l a t e s  i n  t h e  char f i r e d  b o i l e r .  Pa r t i -  
c u l a t e  emissions he re  a r e  q u i t e  high. 
value.  
t o  meet t h e  New Source Performance Standard of 0.1 l b  of  p a r t i c u l a t e  per  mi l l i on  BTU. 

The char  is both  high i n  ash  and low i n  hea t ing  
The p a r t i c u l a t e  emiss ions  a r e  shown below along wi th  t h e  percent  removal needed 

P a r t i c u l a t e  Emissions from Char f i r e d  Bo i l e r  

Lb ash/106 BTU % Removal 

I l l i n o i s  No. 6 24.52 99.59 
Wyoming 64.20 99.84 
W. Kentucky 28.26 99.65 
L i g n i t e  25.97 99.61 

Removal e f f i c i e n c i e s  of 99.6 t o  99.8% w i l l  be  needed. 
a v a i l a b l e  technology i n  p r e c i p i t a t o r s  o r  v e n t u r i  scrubbers.  
a l s o  be  re turned  t o  t h e  c o a l  mine. 

This w i l l  r e q u i r e  t h e  b e s t  
The recovered ash could 
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A l i m e  s ludge  w i l l  be produced i n  the  SO2 scrubbers  and i n  t h e  lime l e g  of t h e  
ammonia stills. The t o t a l  volume w i l l  be about 1 7  tons /hr  when I l l i n o i s  No. 6 c o a l  
i s  used. 
n i a  s t i l l s  i n  t h e  SO2 scrubbers .  The only proven d i sposa l  method a t  present  i s  
ponding. 
a r ea  f o r  a pond should be ava i l ab le .  

It may be poss ib l e  t o  reduce the  volume by using the  s ludge  from t h e  ammo- 

Since t h e  g a s i f i c a t i o n  p l a n t s  w i l l  be  mine-mouth p l a n t s ,  adequate land 

Some spen t  c a t a l y s t s  and sorbents  w i l l  be generated.  Spent s h i f t  c a t a l y s t  and 
sponge i r o n ,  used i n  f i n a l  s u l f u r  cleanup, can be disposed of by b u r i a l .  The a c t i -  
vated carbon a l s o  used i n  f i n a l  s u l f u r  cleanup w i l l  a l s o  r equ i r e  pe r iod ic  replacement 
and the  used carbon could be  re turned  t o  t h e  g a s i f i e r .  
second s t a g e  conventional methanation c a t a l y s t  conta in  a high propor t ion  of n i c k e l ,  
and w e  are cu r ren t ly  i n v e s t i g a t i n g  techniques t o  recover t h e  n i c k e l  from spen t  c a t a l y s t  

Liquid Ef f luen t s  

The Raney n i cke l  and the 

The water and steam flows f o r  a 250 x lo6 ft.’/day SYNTHANE p l a n t  a r e  shown i n  
These flows are based on the  design f o r  t h e  75 ton/day p i l o t  p l an t .  

A steam decomposition of 40% i n  t h e  g a s i f i e r  has been assumed. 

f i g u r e  1. A 
t o t a l  of 1.25 l b  of steam/lb coa l  is used i n  the  pre t rea tment  and g a s i f i c a t i o n  of  
t he  coa l .  
t h e  water is  condensed i n  t h e  scrubber along wi th  s e v e r a l  contaminants. 
of the  water recovered i n  t h e  knock-out t r a p  a f t e r  t h e  s h i f t  conver te r  is sprayed 
i n t o  t h e  char cooler  t o  reduce t h e  char temperature from 1800 t o  6000 F. The steam 
generated is then blended wi th  t h e  s h i f t  r e a c t o r  feed  gas. 

Most of 
A por t ion  

No contaminated e f f l u e n t s  are crea ted  i n  t h e  p u r i f i c a t i o n  and methanation s t e p s  
of the  process.  The hot  potassium carbonate (Benf ie ld)  ac id  gas scrubbing process 
can be operated a t  a n e t  steam d e f i c i t .  
methanation r eac t ion  (133,000 l b / h r )  is shown below. It is  r e l a t i v e l y  uncontaminated 
and should be s u i t a b l e  as a b o i l e r  feed water. 
s u l t  of r eac t ion  wi th  t h e  carbon steel p ip ing  i n  the  p i l o t  p l an t .  

An ana lys i s  of t h e  water produced i n  t h e  

The high i r o n  concent ra t ion  i s  a re- 

Methanation Byproduct Water Analysis L/ 

PH 
Suspended s o l i d s  
Phenol 
COD 
Ca 
M g  
Fe 
HCO3 

5.4 

0.003 
47 

39 
a 
0.1 

25 
23 

The water co l l ec t ed  downstream of t h e  g a s i f i e r  i n  the  scrubber-decanter r equ i r e s  
ex tens ive  treatment.  
(20-40.1b/hr) have been analyzed (2) and t h e  r e s u l t s  a r e  shown i n  t h e  following 
t ab le :  

The condensates co l l ec t ed  from the  s m a l l  SYNTHANE g a s i f i e r  

- 1/ mg/l except pH 
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Byproduct water a n a l y s i s  from SYNTHANF. g a s i f i c a t i o n  of  var ious  coa l s .  mg/ l  (except PH) 
Wyoming P i t t s -  

Coke I l l i n o i s  subbi tu-  I l l i-  North Western burgh 
p l an t  No. 6 minous no i s  Dakota Kentucky seam 

. coa l  coa l  char l i g n i t e  coa l  coa l  
PH 9 8 .6  8.7 7.9 9.2 8.9 9.3 
suspended s o l i d s  50 

COD 7,000 
Phenol 2,000 

Thiocyanate 1,000 
Cyanide 100 

5,000 
::?orid e 
Carbonate 

600 
2,600 
15,000 

1 5 2  
0.6 

8,100 
500 

.'6 .OOO 

140 
6,000 

43,000 
23 

0.23 
9,520 

24 
200 

1,700 
2 1  

0.1 
2,500 

31 

64 
6,600 

38,000 
22 

0 . 1  
7,200 

55 
3,700 

19,000 
200 
0 .5  

10,000 

23 
1,700 
9,000 

188 
0.6 

1,000 

Bicarbonate $1 Io00 
To ta l  s u l f u r  1 ,400  3-; 
185 pe rcen t  f r e e  NH3. s =  400 
'Not from same ana lys i s .  so= 300 

SO% = 1,400 

S2O3 = 1,000 
4 

Approximately 60% of the  coa l  n i t r o g e n  is  converted t o  ammonia. The concent ra t ion  of 
cyanide i s  notab ly  smal l  (0.6 mg/l  o r  lower). Thiocyanates a r e  a l s o  low compared t o  
coke p l a n t  weak ammonia l iquor .  There i s  a wide v a r i a t i o n  i n  phenols for  the  d i f f e r e n t  
coa l s ,  from 1,700 to  6,600 mg/l. 
similar i n  cha rac t e r  b u t  more d i l u t e ;  i t  would con ta in  only about  9 mg/l of phenol. 

The water condensed a f t e r  t h e  s h i f t  r e a c t o r  would be 

A t rea tment  process was developed t o  serve  a s  t he  bas i s  f o r  an economic es t imate .  

The use  of o t h e r  c o a l s  
It i s  shown i n  f igu re  2. The f lows  and amounts a r e  based on an I l l i n o i s  No. 6 coal 
with a nominal 2000 mg/l of phenol and 12,000 mg/l of ammonia. 
w i l l  undoubtedly change these  q u a n t i t i e s  bu t  should no t  g r e a t l y  a f f e c t  t h e  c o s t  es t imate .  

The ammonia water from the  scrubber decanter  i s  f i r s t  fed t o  ammonia s t i l l s  where 
f r e e  ammonia i s  re leased  i n  the  f r e e  ammonia l e g  and the  f ixed  ammonia i s  l i b e r a t e d  i n  
the  f ixed  l e g  a f t e r  r e a c t i o n  wi th  milk of l ime. Heat i s  suppl ied  t o  the s t i l l s  by add- 
ing  l i v e  steam a t  15 ps ig .  The tops of the  s t i l l s  a r e  equipped with dephlegmators which 
cool t he  gas t o  185O F and condense a por t ion  of the  steam which acts a s  r e f lux .  

The ammonia leav ing  the s t i l l s  proceeds t o  a washer column where i t  i s  cooled t o  
90' F and washed with a water s p r a y  which reacts wi th  the NH3 t o  produce NH4OH. 
i n  t u r n ,  removes C02, H2S, and HCN. 
i s  hea ted  t o  d r i v e  o f f  the  ac id  gases. The ac id  gases a r e  washed wi th  incoming feed 
water t o  recover  the NH3. 
a 30% aqueous ammonia product f o r  s a l e ,  An anhydrous ammonia product could a l s o  be pro- 
duced. Lime sludge c o n s i s t i n g  o f  unreacted components i n  the  lime and the  calcium sa l t s  
formed i n  the ammonia s t i l ls  is removed a s  a s l u r r y  from the  l i m e  l e g  and pumped t o  the  
pond f o r  the  SO2 scrubber.  

The s t r ipped  water  i s  withdrawn from the  base of t he  f ixed  ammonia l e g  and cooled 
t o  100' F i n  a n  air  cooled h e a t  exchanger and s to red  f o r  48 hours i n  a ho ld ing  tank t o  
permit s epa ra t ion  of any remaining t a r s .  Water from the  hold ing  tank i s  combined wi th  
water from t h e  knockout drum fo l lowing  the s h i f t  conver te r  f o r  feed t o  the  a e r a t i o n  
tanks. Antifoam and phosphoric ac id  (b io logica l  n u t r i e n t )  a r e  added and su lphur i c  ac id  
i s  used as needed t o  con t ro l  t h e  pH a t  8.0 and temperature i s  ad jus t ed  t o  90' F. 

Th i s ,  
The wash s o l u t i o n  passes t o  a d i s s o c i a t o r  where i t  

The p u r i f i e d  ammonia product i s  absorbed i n  water t o  produce 

B io log ica l  ox ida t ion  is used t o  oxid ize  phenols, o t h e r  organics ,  cyanides,  and 
th iocyanates .  
Pa. P l a n t  (6) where Phenols a r e  reduced t o  as  low a s  0.1 mg/l and thiocyanates 

A similar  system has been used by Bethlehem S t e e l  Co. a t  i t s  Bethlehem, 
re- 



duced by an average of 70%. 
the a e r a t i o n  tanks,  su r f ace  a e r a t o r s  supply the necessary oxygen. The water from the 
a e r a t o r s  flows t o  c l a r i f i e r s  where the s ludge is sepa ra t ed  and r e tu rned  t o  t h e  
a e r a t o r s .  
and adding t h e  waste s ludge t o  t h e  c o a l  f e d  t o  t h e  g a s i f i e r s .  

This  p l a n t  h?9~een  ope ra t ing  f o r  over  10 years.  I n  

A por t ion  of t h e  s ludge is wasted by f i l t e r i n g  t h e  c l a r i f i e r  underflow 

The overflow from t h e  c l a r i f i e r  con ta in ing  0.2 mg/ l  of phenol and less than 
50 mg/l of NH3 flows t o  po l i sh ing  towers,  where g a s i f i e r  cha r  removes t h e  remain- 
i ng  phenols. The spen t  char  is f i l t e r e d  and r e tu rned  to  t h e  g a s i f i e r .  The t r e a t e d  
w a t e r  can then be used a s  cool ing tower make-up. Blowdown w i l l ,  of course,  u l t i -  
mately r e s u l t  in discharge t o  a stream. 

The design of t h i s  water t reatment  process  is based on r e l a t e d  commercial 
experience such as t h e  Bethlehem S t e e l  water treatment p l a n t .  We a r e  c u r r e n t l y  
i n v e s t i g a t i n g  s e v e r a l  a spec t s  of t h e  process  wi th  t h e  condensate from t h e  s m a l l  
SYNTHANE g a s i f i e r  and t h e  r e s u l t s  w i l l  be  r epor t ed  a t  a l a t e r  da t e .  
s ea rch  i s  needed in t h e  a r e a  of water t reatment  t o  adequately d e f i n e  the e f f l u e n t s  
f r o m  these  t reatment  processes.  

More re- 

The economic eva lua t ion  of t h i s  process  based on e a r l y  1972 c o s t s  y i e lded  a 
t o t a l  cons t ruc t ion  and t o t a l  p l a n t  c o s t  of $11,098,900. 
investment including interest during cons t ruc t ion  and working c a p i t a l  i s  $13,185,500. 
The annual ope ra t ing  c o s t  with a 90% operat ing f a c t o r  is $3,019,700. Allowing a 
c r e d i t  of $35 pe r  t on  of NH 
This  is equivalent  t o  $0.0122 per  thousand f t 3  of S.N.G. produced. 

The t o t a l  incremental  

produced, t h e  n e t  annual operat ing c o s t  is $1,173,500. 

Conclusion 

In summary, t h i s  prel iminary s tudy i n d i c a t e s  t h a t  the gaseous, s o l i d ,  and 
l i q u i d  wastes from a f u l l - s c a l e  SYNTHANE p l a n t  can be con t ro l l ed  i n  an acceptable  
manner at an acceptable  cost. The c o s t  of c o n t r o l l i n g  t h e  gaseous p o l l u t a n t s  is 
est imated a t  $0.0987 per  1000 f t 3  of S.N.G., and t h a t  of t h e  water p o l l u t a n t s  i s  
$0.0142 per  1000 f t 3  of S.N.G. 
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TABLE 1. - Coal .  C h a r ,  and Tar  Analyses 

Weight percent  

CQAI.5 : 
Moisture 
V o l a t i l e  Matter 
Fixed Carbon 
Ash 
Hydrogen 
Oxygen 
Carbon 
Nitrogen 
S u l f u r  

I l l i n o i s  Western Wyoming North Dakota 
No. 6 Kentucky Sub-Bituminous L i g n i t e  

7.8 4.3 10.4 21.1 
37.7 34.6 35.3 32.3 
43.2 44.5 36.4 38.3 
11.3 16.6 17.9 8.3 

5 . 3  4.7 5.0 5.7 
15.6 10.9 25.1 32.9 
63.2 62.7 50.7 51.3 
1.1 1.2 0.7 0.7 
3.5 3.9 0.6 1.1 

CHARS : 
Moisture 1.0 
V o l a t i l e  Matter  3.6 
Fixed Carbon 69.1 
Ash 26.3 
Hydrogen 1.0 
Oxygen 1 . 3  
Carbon 69.9 
Nitrogen 0.5 
S u l f u r  0.9 

0.9 
4.6 
65.4 
29.1 
1.0 
0.9 

66.5 
0.7 
1.8 

0.6 
3.1 

47.8 
48.5 
0.8 
1.1 

49.1 
0.3 
0.2 

1.4 
8.8 
63.2 
26.6 
1.1 
2.6 
68.3 
0.3 
0.5 

Carbon Conversion,%65.5 68.4 68.3 64.0 
LB Char/LB Coal 0.310 0.437 0.363 0.250 

TARS : 
Hydrogen 6.6 6.0 
Oxygen 6.6 6.9 
Carbon 83.0 84.0 
Nitrogen 1.1 1.4 
S u l f u r  2.7 1.7 
LB Tar/LB Coal  0.051 0.045 

7.2 
8.5 
81.9 
1.2 
1.2 
.038 

7.7 
6.4  
83.8 
1.0 

0.025 
,l. 1 

1 

1 
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TABLE 2. - SO, Emissions for Various Cont ro l  Options 

LB SO2 / I O 6  BTU 
[ ] = percent  removal requi red  

STRETFORD PIANT 

Char 

Char + Tar 

Char + Des. Tar 

CLAUS PLANT 

Char 

Char + Tar  

No H,S Removal 

Char 

Char + Tar 

Ill. #6 

1.87 
[35.9%] 
2.30 

[52.0%] 
1.51 

[27.0%] 

5.45 
[78.0%1 
5.88 

[81.2%] 

19.78 
[93.9%] 
20.21 

[94. 5%] 

Wyoming 

0.57 

0.77 

0.47 

LO%] 

[O%l 

[O% 3 

1.24 

1.45 
[23.4%] 

[3. a1 

3.96 
[69,7%] 
4.16 

[73.3%] 

W. Kentucky 

3.63 
[67.0%1 
3.43 

[66.8%1 
3.11 
[6 3.4% I 

6.24 

6.03 
f 8 0 . 8 ~ 1  

[81.l%] 

16.64 
[92.8%] 
16.44 

[93.1%] 

L ign i t e  

1.04 

1.10 

0.89 

[OX] 

[O%l 

[0%1 

2.49 
[51.7%1 
2.55 

[55.5%] 

8.28 
[85.5%] 
8.34 

[86 .4%]  

i 
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BIODEGRADATION OF 'C-PHENOL BY ACTIVATED SLUDGE 

H .  C .  A lexande r ,  F.  A.  Blanchard ,  I. T. Takahashi  

The Dow Chemical Company - Midland, Michigan 
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Pheno l ,  C6H50H, i s  i n  widesp read  use  a s  a r a w  m a t e r i a l  f o r  manufac tu r ing  
s y n t h e t i c  r e s i n s ,  m e d i c a l ,  and i n d u s t r i a l  compounds. Var ious  pheno l s  
( s u b s t i t u t e d  hydroxy d e r i v a t i v e s  of benzene)  a r e  waste p r o d u c t s  of o i l  
r e f i n e r i e s ,  coke  p l a n t s ,  some chemica l  p l a n t s ,  and human and an imal  
r e f u s e .  The p resence  of such  compounds i n  n a t u r a l  w a t e r s  can a f f e c t  
f i s h .  The t h r e s h o l d  l i m i t  o f  t o x i c i t y  f o r  some f i s h  i s  a few mg/l 
and  a t  even lower c o n c e n t r a t i o n s  f i s h  can  a c q u i r e  an  obnoxious t a s t e .  
P h e n o l i c  m a t e r i a l s  c a n  i m p a r t  a bad t a s t e  t o  d r i n k i n g  w a t e r .  "The 
removal o f  p h e n o l i c  t as tes  from a water  supply  o f f e r s  a s e r i o u s  c h a l l e n g e  
a t  t h e  t r e a t m e n t  p l a n t "  (1). McKee and Wolf ( 2 )  n o t e  t h a t  " d e s p i t e  t h e  
f a c t  t h a t  it (pheno l )  i s  used  as a b a c t e r i c i d e  i n  s t r o n g  c o n c e n t r a t i o n s ,  
weak pheno l  s o l u t i o n s  are decomposed by b a c t e r i a l  and b i o l o g i c a l  a c t i o n  
i n  s t r e a m s " .  Respons ib l e  manufac tur ing  p r a c t i c e  and good p roduc t  s teward-  
s h i p  c a u s e  management t o  i n c r e a s i n g l y  c a l l  upon u s  t o  e s t a b l i s h  t h e  
u l t i m a t e  f a t e  of  such  compounds which may f i n d  t h e i r  way i n t o  t h e  
envi ronment .  Con tac t  w i t h  a c t i v a t e d  s l u d g e  from a was te  t r e a t m e n t  p l a n t  
p r o v i d e s  a r a p i d  t e s t  of a e r o b i c  b i o d e g r a d a b i l i t y .  

The Dow Midland D i v i s i o n  i n  i t s  P h e n o l i c  Wastewater Trea tment  P l a n t  
commonly removes pheno l  f rom a waste s t r e a m  a t  80  ppm as judged by 
t h e  4-aminoant ipyrene  t e s t  (1). A t r i c k l i n g  f i l t e r  sys tem t a k e s  t h e  
c o n c e n t r a t i o n  down t o  a b o u t  30 ppm. Then, a c t i v a t e d  s l u d g e  r educes  it 
t o  less t h a n  1 ppm. Chemical  oxygen demand (COD) and b io-chemica l  oxygen 
demand (BOD) and t o t a l  oxygen demand (TOD ( 3 ) )  d a t a  i n d i c a t e  t h a t  t h e  
pheno l  i s  consumed. 

A C-14  r a d i o t r a c e r  s t u d y  h a s  now been c a r r i e d  o u t  t o  conf i rm t h e s e  
o b s e r v a t i o n s ,  t o  f o l l o w  t h i s  decomposi t ion  more d i r e c t l y ,  and t o  
e s t a b l i s h  a method u s e f u l  f o r  examining compounds of wide ly  v a r y i n g  
b i o d e g r a d a b i l i t y .  By r a d i o a s s a y ,  t h e  f a t e  o f  t h e  I4C- labe led  phenol  
i n c l u d i n g  t h e  d i s t r i b u t i o n  of  C-14 between evolved  C02 and c e l l  
mater ia l  has  been de te rmined  a f t e r  v a r i o u s  c o n t a c t  t i m e s .  Reac t ion  
rates under  t h e s e  c o n d i t i o n s  have been measured f o r  unacc l imated  
s l u d g e  and f o r  s p e c i a l l y  a c c l i m a t e d  s ludge .  

Methods 
A l a b o r a t o r y  system d e s i g n e d  t o  c o n t a i n  t h e  a c t i v a t e d  s l u d g e  c u l t u r e  
p l u s  t h e  deg radab le  s u b s t r a t e  i s  shown i n . F i g u r e  1. The o x i d a t i o n  
c y l i n d e r  i s  a e r a t e d  t h r o u g h  a f r i t t e d  g l a s s  bottom w i t h  C02- f r ee  a i r  
a t  60-100 m l  p e r  minute .  A i r  from t h e  c y l i n d e r  i s  d r i e d ;  t h e  r e s p i r e d  
C 0 2  p a s s e s  th rough  t h e  i n f r a r e d  ( I R )  d e t e c t o r  and i n t o  t h e  s c r u b b e r s  
t o  be  abso rbed .  

Re tu rn  s l u d g e  ( t h e  se t t led s o l i d s  a t  abou t  2 %  c o n c e n t r a t i o n )  from t h e  
Dow Phenol  Waste Trea tmen t  P l a n t  f o r  a p r e l i m i n a r y  t r i a l  or from t h e  
Dow Genera l  Waste A c t i v a t e d  S ludge  P l a n t  ( for  o t h e r  t r i a l s )  was t h e  
s t a r t i n g  c u l t u r e .  T h i s  w a s  p l a c e d  i n  a 2- l i ter  c y l i n d e r  f i t t e d  w i t h  
a n  a i r  s p a r g e r .  The s o l i d s  were s e t t l e d ,  t h e  f r e e  l i q u i d  decan ted  
o f f ,  t h e n  an  e q u a l  volume of f r e s h  wa te r  was added. Exper imenta l  
t r i a l s  1 and 2 were r u n  on  t h i s  s ludge  w i t h  o n l y  i t s  i n h e r e n t  acclima- 
t i o n .  A d d i t i o n a l  a c c l i m a t i o n  was g iven  f o r  a p r e l i m i n a r y  exper iment  and 
fo r  Experiment 3 as f o l l o w s :  Phenol w a s  added t o  a c o n c e n t r a t i o n  o f  
1 0 0  ppm and t h e  c u l t u r e  was a e r a t e d  o v e r n i g h t .  
r e p e a t e d  d a i l y  t o  p r o v i d e  a f r e s h  supply  of  phenol  t o  t h e  s l u d g e .  

T h i s  procedure  was 
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On the ninth day a test run was carried out in the oxidation cylinder. 
An IR COz curve was obtained on the preliminary experiment. Measurements 
of phenol by the 4-AAP Method (1) on filtered, single distilled sanples 
were made COD and TOD (1 ,3 )  were run on the filtered supernate. All 
these tests showed no phenol after the C02 peak. 

For each run, sufficient settled return sludge to give a mixed liquor 
volatile solids (MLVS) concentration of approximately 3 , 0 0 0  mg/l was 
placed in the oxidation cylinder. Labeled phenol was added. Then water 
was added to bring the volume to 1 . 7  liters. The uniformly-labeled 
"C-phenol was obtained from New England Nuclear Corp. with a specific 
activity of 1.57  mCi/millimole. 
graphy was 93.4% and by thin-layer chromatography 9 8 . 2 % .  For use, 
a working solution of 30.07  mg/ml in water was prepared. From this 
stock, 1.5 ml, 5 ml or 10 nl were added to the oxidation cylinder to 
obtain 2 7  ppm, 8 8  ppm and 1 7 7  ppm for Experiments 1, 2, and 3 respec- 
tively. A 200-ml sample was removed at the start to measure volatile 
solids and to do radioassays. 

After the initial sampling, the oxidation cylinder contents was 
sampled at various time intervals over a 1 day period for 14C-analysis. 
A hypodermic syringe ( # 1 7  needle) wa5 used to withdraw 2 0  ml of sludge 
from a rubber tubing connection near the base of the cylinder. Formalin 
(1.0 ml) was added as a preservative. 
a mixture of 40%: monoethanolamine in Dowanol@ EM ethylene glycol 
methyl ether. The total trap contents was removed as a sample and the 
absorbent replaced at each sampling tine. 

Radioassays werg done by liquid scintillation counting using a 
Packard TriCarb 3 3 8 0  liquid scintillation spectrometer. Samples of 
trap contents were prepared by diluting a 3 ml aliquot in 1 5  ml of 
EconofluorCscintillation solution/methanol (60 : 9 0  v/v) . Total 
sludge samples (0.2 ml) were combusted using a Harvey Biological 
Oxidizer, then counted. Supernate samples were obtained by centrifug- 
ing the sludge suspension for 2 minutes and removing a 0.2  ml aliquot. 
This was mixed with 10 ml Aquasol'water solubilizing liquid scintillation 
fluid and then counted. 
as the equivalent amount of "C-phenol. 

A test of the nature of the activity remaining in total sludge samples 
after a period of biodegradation was made. Samples of Experiment 2 
at 2 and 8 hours were acidified and extracted twice with ethyl ether. 
Data from radioassay of this ether was converted to the equivalent 
ppm phenol that was extractable from the sludge. A water control was 
also run. 

Its chemical purity by gas chromato- 

Respired 202 was collected in 

All 14C quantities are calculated and reported 

I 

Results 
The radioassay results from a11 the experiments are summarized in Table 
I. C02 given off by the respiration of the sludge system rose to a 
maximum in 1 - 2  hours after dosin with phenol as shown by the IR data 
and the corresponding respired "COz data in Figure 2. Some of the IR 
response is due to endogenous respiration of original non-radioactive 
cell material, whereas the 14C02 must all come from the 14C-phenol. 

a Trademark of the Dow Chemical Company. 
b Trademark of the Packard Instrument Co. 
c Trademark of the New England Nuclear Corp. 

1 



106 
I n  t h e  u n a c c l i m a t e d  cases c- jhown i n  F i g u r e s  2 and  3 there  is a l a g  
t i m e  o f  a b o u t  0 .5  t o  1 h o u r  b e f o r e  v e r y  much 1 4 C O z  i s  r e s p i r e d .  There 
w a s  o n l y  a 0.25 h o u r  l a g  w i t h  t h e  a c c l i m a t e d  s l u d g e  sys tem.  Even d u r i n g  
t h e s e  i n i t i a l  l a g  t i m e s ,  however, t h e  compound w a s  b e i n g  removed from 
s o l u t i o n  and t a k e n  up by t h e  s o l i d s .  Compare F i g u r e s  3 and 4 .  A f t e r  
6 h o u r s  less t h a n  25% remained  i n  s o l u t i o n .  A major  p a r t  of t h e  "CO2 
release o c c u r r e d  w i t h i n  8 h o u r s  (39-45% o f  o r i g i n a l  compound r e l e a s e d  
as  "CO2).  F i g u r e  3. 

The peak  r a t e s  f o r  t h e  u n a c c l i m a t e d  r u n s  were 0.95 and 2.04 mg phenol /  
g MLVS/hr f o r  Exper iments  1 and 2 r e s p e c t i v e l y  a t  2.5 and  3.5 h o u r s .  
The h i g h e s t  ra te  o b s e r v e d  was 16.9 mg phenol /g  MLVS/hr f r o m  the  
a c c l i m a t e d  s l u d g e  i n  Exper iment  3 .  

A f t e r  1 day of  e x p o s u r e  the  d i s t r i b u t i o n  o f  t h e  i n i t i a l l y  s u p p l i e d  
r a d i o a c t i v i t y  was: 

Exper iment  In  S o l u t i o n  S ludge  S o l i d s *  R e  cove  r y  
p r e l i m i n a r y  0.8% 29.5% 62.1% 92.4% 
1 3.0 43.0 62.1 1 0 8 . 1  
2 2.6 37.8 5 4 . 2  94.6 
3 ( 8  h o u r s )  17.6 30.6 38.6 86.8 

The a c t i v i t y  i n  t h e  s o l i d s  does  n o t  behave l i k e  phenol  i n  s o l u t i o n .  
I t  i s  s c a r c e l y  a c c e s s i b l e  t o  e t h e r  e x t r a c t i o n .  The e x t r a c t i o n  
recoveries from 2 and 8 h o u r  t o t a l  s l u d g e  samples  of  Experiment  2 
were  o n l y  44% and 0 . 2 %  (72% and 4.9% i f  f r o m  s u p e r n a t e  a l o n e ) .  The 
w a t e r  c o n t r o l  gave a 98% e x t r a c t i o n  r e c o v e r y  o f  t h e  phenol .  

D i s c u s s i o n  and C o n c l u s i o n s  
The mode of  d i s a p p e a r a n c e  o f  phenol  d u r i n g  b i o d e g r a d a t i o n  by a c t i v a t e d  
s l u d g e  seems t o  b e  t h a t  it is  f i r s t  a b s o r b e d  i n t o  t h e  c e l l  m a s s ,  t h e n  
me tabo l i zed  w i t h  a m a j o r  p o r t i o n  g o i n g  to  C 0 2  and t h e  rest t o  cell 
material. 

The b i o d e g r a d a t i o n  b u i l t  up t o  a r a p i d  ra te  t h e n  d e c r e a s e d .  It 
approached  t h e  o r i g i n a l  endogenous r e s p i r a t i o n  r a t e  of t h e  a c t i v a t e d  
s l u d g e  a f t e r  8-10 h o u r s .  The phenol  i t s e l f  w a s  b e i n g  removed from 
s o l u t i o n  even  b e f o r e  much I 4 C O 2  r e s p i r a t i o n  had o c c u r r e d .  Most of t h e  
"C-material l e f t  i n  t h e  s o l i d s  and i n  s o l u t i o n  a f t e r  8 h o u r s  w a s  
p r o b a b l y  n o t  phenol .  

The d i s t r i b u t i o n  of t h e  p h e n o l ' s  c a r b o n  atoms between C O z  and s o l i d s  
as o b s e r v e d  i n  t h i s  "C-phenol b i o d e g r a d a t i o n  i s  i n  g e n e r a l  agreement  
w i t h  d a t a  from s t a n d a r d  BOD tes ts .  H. C .  Alexander  h a s  p r e v i o u s l y  
measured a BODS of p h e n o l  as 1 . 8 2  p a r t s  02 per p a r t  phenol .  The 
theore t ica l  oxygen demand of phenol  is c a l c u l a t e d  from t h e  f o l l o w i n g  
b a l a n c e d  r e a c t i o n :  

R a d i o a c t i v i t y  Found % 

CsHsOH + 7 02 A 6 CO2 + 3 H z 0  

224 M . W .  O Z  consumed = 2 - 3 8  p a r t s  Oz/par t  phenol  
94.1 M . W .  p h e n o l  

The BODS, i f  c o n s i d e r e d  as b e i n g  due t o  phenol  o x i d a t i o n  t o  C O z r  
r e p r e s e n t s  76% of  t h e  p h e n o l  p r e s e n t ,  t h e  remain ing  2 4 %  g o i n g  i n t o  
new c e l l  growth.  A s  n o t e d  p r e v i o u s l y  t h e  14C-phenol a f t e r  1 day  o f  
b i o d e g r a d a t i o n  showed 54-62% r e s p i r e d  CO2 and 30-43% r e t a i n e d  i n  
s o l i d s .  

I 

i 

* By d i f f e r e n c e :  t o t a l  s l u d g e  minus s u p e r n a t e .  



Because of the relatively rapid biodegradation of the phenol, it was 
possible to observe the C02 release by both IR and by radioassay. 107 
The radiotracer technique, however, has much greater sensitivity so 
that it can be used to get data on compounds degrading over a month 
long period rather than several hours. This extends even further 
the experimental capability of this relatively rapid activated sludge 
biodegradation technique. 

Summary 
The ultimate biodegradation of phenol by activated sludge was confirmed 
by collecting and measuring l4COZ released from a "C-labeled phenol. 
Infrared detection confirmed that the evolved material was COz. In 
1 day, 54-62% of the supplied compound was converted to 14C02, 30-43% 
was found in the sludge solids. Three percent or less remained in 
the solution. For unacclimated sludge a eak degradation (at about 
3 hr.) 
liquor volatile solids per hour. An acclimated sludge reached a rate 
of 17 mg "C-phenol per gram mixed liquor volatile solids per hour. 
Lag times of 0.5 to 1 hour were evident for the unacclimated sludges 
but only 0.25 hour for an acclimated one. The I4C-activity left in 
the sludge after 8 hours did not freely extract with ether as did 
known phenol in solution. 

This procedure is a useful tool in evaluating the biodegradability of 
an organic compound. Where needed, sensitivity is available for 
observing biodegradation of compounds whose degradation rate is 
several thousand times slower than that of this phenol. 

proceeded at a rate of (1-2) mg "C-phenol per gram mixed 
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TABLE I - RESULTS OF TRAP, SLUDGE AND SUPERNATE RADIOASSAYS 
Experiment Sampling "Cop Collected 14C-Activity Concentration 
Number Time, Br (as ).ig phenol) (as ppm phenol) 

Trap 1 Trap 2 Total sludge Supernate -- Suspension 
Preliminary 1.5 21,400 
(100 ppm) 3.0 31,900 

8.0 22,100 
24.0 14,400 30.3 0.8 --.-- 

1 0 32.2 25 .z- 
(26.5 ppm) 0.5 18 .o 24.3 20.6 1 

1.0 151 -.l 22.9 13.5 
1.5 1612 -.l 19.5 5.2 
2.0 2228 .4 17.2 4.0 
3.0 4217 .6 14.8 3.4 
4.0 2047 .6 14.9 2.4 
6.0 3767 1.6 18.5 2.5 
8.0 2668 0.5 13.7 1.8 

22.0 7056 16.6 12.2 0.8 

\ 

1 
2 0 7 3 . 0  82.1 

(88.4 ppm) 0.5 169 0.2 64.3 74.6 
1.0 1672 0.4 64.1 64.6 
1.5 3444 0.5 66.2 55.4 
2.0 3991 0.4 65.2 50.0 
2.5 2998 0.5 70.5 47.1 
3.0 4017 0.7 61.4 38.2 
3.5 4558 1.9 64.4 29.9 
4.0 4207 0.8 55.6 24.0 
6.0 17332 6.8 48.9 2.8 
8.0 8759 8.5 43.7 2.8 1 

35.7 2.3 1 22.0 14148 21.8 

3 0 87.8 147.4 1 
(176.9 ppm) 0.25 116 -0.5 79.2 122.0 

0.50 7174 -0.6 135.0 67.8 
0.75 17536 -0.5 87.2 84.1 
1.0 15275 -0.4 122.3 80.2 
1.25 7260 -0.5 i24.6 75.2 
1.5 5159 -0.4 116.7 76.8 
1.75 3763 -0.3 108.8 64.4 
2.0 3343 2.1 120.1 69.3 
2.5 5212 36.4 109.5 58.9 
3.0 4838 -0.3 107.7 46.3 
4.0 4661 -0.1 93.5 44.2 
5.0 5126 -0.5 91.8 44.3 
6.0 5543 0.2 92.4 36.1 
8.0 8782 1.1 85.4 31.2 
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Figure 4 
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PETROLEUM REFINING PHENOLIC WASTEWATERS 

by 

Thomas E.  Short, Ph .D . *, Billy L. DePrater**, and Leon H . Myers*** 

INTRODUCTION 

The phenolics content of petroleum refining wastewater has been 

a concern of both regulatory agencies and refiners for some time. This 

is primarily due to toxicity to aquatic organisms and the characteristically 

high oxygen demand that phenolics can and do impose on receiving streams. 

In addition, there is the taste and odor problem caused when very low 

concentrations of phenolics are  present in potable water supplies. This 

is particularly true when waters containing phenolics a re  disinfected 

with chlorine. The resulting chloropholics produce a very noticeable 

taste and odor problem. 

*Chemical Engineer, Petroleum-Organic Chemicals Wastes Section, 
Treatment and Control Technology Branch, Robert S . Kerr Environmental 
Research Laboratory, Ada, Oklahoma. 

**Supervisory Research Chemist, Petroleum-Organic Chemicals Wastes 
Section, Treatment and Control Technology Branch, Robert S . Kerr 
Environmental Research Laboratory, Ada, Oklahoma. 

***Supervisory Chemist, Petroleum-Organic Chemicals Wastes Section, 
Treatment and Control Technology Branch, Robert S . Kerr Environmental 
Research Laboratory, Ada, Oklahoma. 
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This paper presents major sources of phenolics in petroleum refining 

wastewater; also, consideration is given to the amounts of phenolics 

produced by refiners which must either be controlled or treated before 

discharge. Additionally, it  reviews the problems in analyzing for 

phenolics content; and finally, presents an examination of the treatment 

methodology for these wastewaters. 

Methods of Analysis for Phenolics 

Phenols are  defined a s  hydroxy derivatives of benzene and its 

condensed nuclei. 

The EPA manual (Methods of Chemical Analysis for Water and Wastes 

1971) recommends that Standard Methods for the Examination of Water 

and Wastewater or "ASTM Method D-1873-70" be used for analysis of 

samples for phenolics. In these procedures, samples obtained in  the 

field for analysis of phenols a re  fixed by the addition of copper sulfate 

and phosphoric acid. Even with the preservatives the sample must 

- 

still be kept iced and the analysis must be done with 24 hours. 

There a re  numerous test methods available to assess phenolic 

concentration in a waste stream. "Standard Methods" lists a Gas 

Chromatographic procedure and the 4-Aminoantipyrine procedure. In 

addition, the derivative electron capture detector method and an ultra 

violet bathochrome shift method are  scheduled for round robin testing. 

Some water pollution laboratories make use of the Technicon Auto 

Analyzer system and report good results. By far ,  the most common 

method is the 4-Aminoantipyrine test. 
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In this test procedure, phenols react with 4-Aminoantipyrine at 

a pH of 1 0 . 0  f 0 . 2  in the presence of potassium-ferricyanide to form a 

colored antipyrine dye.  The light absorbance of this dye i s  measured 

by use of a spectrophotometer at 460 m u  wavelength. The absorbance 

relates directly to the amount of phenol which i s  present in the sample. 

Phenol decomposing bacteria, oxidizing and reducing substances, 

and alkaline pH cause interference in the testing for phenol. By using 

the fixing reagents mentioned earlier and by distillation of the sample, 

most interferences can be eliminated. Further extraction of the distillate 

by chloroform can concentrate the phenol so that very low values can be 

detected colorimetrically. Presumably, the 4-Aminoantipyrine method 

does not measure parasubstituted phenols in which the substitution is 

an alkyl, aryl ,  nitro, benzoyl, nitroso or aldehyde group. It has also 

been reported that triaryl phosphates a re  positive intereferences in the 

4-Aminoantipyrine test. Unfortunately, color response of the 4- 

Aminaontipyrine test is not the same for all phenolic compounds. 

Because phenolic wastes usually contain a variety of phenols, it i s  not 

feasible to determine the exact quantity of phenols in a sample. For 

this reason pure phenol is selected as  the standard for the test and all 

results are expressed or reported a s  phenol. 

Because of the obvious deficiencies of the 4-Aminoantipyrine test, 

EPA has assigned certain laboratories to continue evaluation of other 

testing procedures for phenolics. 



Sources of Phenolics From Refining 

The majority of phenols present in refinery wastewater originate 

from the catalytic cracking process. The reaction products from the 

cat cracker contain steam and. the subsequent main fractionator uses 

stripping steam. Thus the main fractionator overhead reflux drum 

produces sour ,  foul condensate containing ammonia, light hydrocarbons, 

hydrogen sulfide, cyanide, and of course phenols. Caustic treatment 

of cracked gasoline removes sulfur compounds (mercaptans and thio- 

phenols) and phenolic compounds. Hence, spent caustics are another 

source of phenol. 

Thermal cracking also produces a similar foul condensate. Thermal 

cracking processes include visbreakers, delayed coking, and steam 

crackers which produce ethylene, propylene, and petrochemicals. 

Similarily hydrocrackers may also produce phenolic wastewaters. 

Another possible source of phenolics i s  loss of phenol used as 

a solvent in  extraction processes such as the Duo-S.ol process. 

EPA/API Survey of Refinery Raw Waste Loads 

In 1972 the American Petroleum Institute and the Environmental 

Protection Agency cooperated in  a study whose primary purpose was 

to evaluate the amounts and constitutents of raw aqueous wastes that 

w e r e  generated by the refining industry. Raw wastes were defined 

to be those wastes which have received no treatment other than gravity 

separation. Another objective of the study was the evaluation of treatment 
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efficiencies of activated sludge units handling refinery wastewaters. The 

god  of the study was to produce a "real life" data base for this industry. 

API contacted every known refinery in the United States and 

solicited their cooperation for the study. Each refinery was requested 

to sample and analyze each of the raw waste streams in the refinery. 

Results of the analyses were then reported on a uniform questionnaire; 

135 questionnaires were received and accepted for use in the study. 

These 135 refineries represented approximately 85 percent of the 

nation's crude refinery capacity. 

The survey results pertaining to phenolics in raw wastewaters a re  

presented in  Table 1. The amounts of phenolics produced by each 

class of refinery surveyed i s  listed according to the API refinery 

classification system utilized in the study. Each class is defined by 

the following: 

Refinery Class Processes 

A Crude Distillation 

B Cracking 

C Cracking and petrochemicals 

D Cracking and lubes 

E Cracking, lubes, and petrochemicals 

Generally, as  the refinery class goes from A through E, the complexity 

of the refinery increases. 

The effect of refinery classification on phenolics production i s  quite 

apparent from Table 1. Class A refineries (no cracking) produce only 
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TABLE 1 

REFINERY PHENOLICS R A W  WASTE LOAD SURVEY 

p o u n d s  T o t a l  M e d i a n  p o u n d s  
N o .  of C r u d e  P h e n o l i c s  per 

C l a s s  R e f i n e r i e s  C a p a c i t y  1 0 0 0  BBL Crude P h e n o l i c s / d a y  

A 13 2 0 4 , 9 0 0  0 . 0 3  1 , 8 0 9  

B 7 1  3 , 4 4 8 , 9 0 0  1 . 5 4  1 6 , 6 2 0  

C 2 7  3 , 4 1 6 , 8 3 0  4 . 0 2  2 7 , 6 6 8  

D 11 1 , 0 6 8 , 4 5 0  2 .18  4 , 3 1 7  

E 13 3 , 3 5 4 , 4 7 0  2 . 6 7  1 8 , 4 3 0  

T o t a l  1 3 5  1 1 , 4 9 3 , 5 5 0  - 6 8 , 8 4 4  
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0.03 l h s  of phenolics per 1000 BBL refined. Whereas classes B through 

E (with cracking) produce much higher levels of phenolics (1.54--4.02 

lbs/lOOOBBL). A s  Table 1 indicates, the refineries surveyed (with 85% 

of the nation's crude capacity) produce about 69,000 lbs of phenolics 

per day which are contained in their raw wastewaters. 

In order to validate the study's results, 10% of the surveyed refineries 

were selected at random. EPA representatives visited the refineries to 

observe the sampling and to obtain "split samples" which were preserved 

and returned to the Robert S . Kerr Environmental Research Laboratory 

for analysis. The refinery laboratory or the consulting laboratory for 

the refinery also analyzed the split samples. 

The results of this split sampling a re  shown in Table 2 .  A s  can be 

seen, there are  considerable differences between some of the measurements 

made by EPA and API on the same split sample. However, a statistical 

analysis of the results (student's T test) indicates the average difference 

between the results obtained by two laboratories is not significant. Since 

"average" data were to be used in the EPA/API study, the results were 

considered acceptable. These results brought about concern for those 

cases where a limited number of samples might be analyzed and compared, 

such as could occur in an environmental enforcement action. The most 

apparent reason for this analytical difference was analyst deviation 

from the EPA methodology. 

Following the EPA/API study, an inquiry was received from the 

Oklahoma Petroleum Refiners Waste Control Council (OPRWCC) expressing 
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EPA/API SPLIT SAMPLING RESULTS F O R  PHENOLICS 

EPA 

0.01 
1.6 
0.01 
2.3 

- 

0.01 
0.9 

140.0 
0.01 
4.6 
7.6 
0.01 
0.01 
0.02 
0.01 
2.90 
0.01 
4.55 
0.01 
0.01 
0.39 
2.2 
0.01 
2.46 

12.2 
3.1 
0.01 

410.0 
0.1 
0.06 

0.52 
0.6 
0.01 
0.48 
0.48 
0.01 
8.2 
0.001 
0.01 
0.02 

500.0 
1.4 

13.8 
3.6 
2.2 

525.0 
14500.0 

4.5 
0.4 
0.4 

13.1 
0.6 
2.5 
0.01 
0.01 
0.01 
0.43 
5.4 
0.65 
0.52 
0.52 

C.38 
0.38 
0.03 
0.01 
0. 01 

31.0 
3.2 

64 

62.0 

Apr 

0 
1.5 
0.02 
0.02 
0.1 
0.1 

115.0 
0.0 
4.7 
7.7 
0.004 
0.013 
0.023 
0.05 
3.5 
0.0017 
0.3330 
0. 
0.0037 
0.32 
2.2 
0. 
1.9 
5.9 
2.5 
0.0 

115.0 
0.038 
0.016 

0.412 
0.441 
0 .a 
0.6 
0.063 
0.027 
6.1 
0.015 
0.01 
0.02 

0.97 
1.51 
0.015 
2.3 

280.0 
2400.0 

26.7 

600.0 

0. >1 
0.01 
0.255 
0.295 
0.49 
0.94 
0.0 
0.0 
0.0 
0.4 
5.3 
1.0 
0.5 
0.5 

67.0 
0.4 
0.4 
0 .o 
0.14 
0.0 
32.0 
0.1 

Average Difference 

o Uiffsrence 

N 

T 

DIFFERENCE 

.Ol 

.1 - .01 
2.28 

- .09 
.80 

25.0 
.01 - .1 - .1 
.006 

- .003 
- .003 - .04 - .6 

.0083 
4.217 
,01 
.0063 
.07 
.oo 
.01 
.56 

6.3 
.6 
.Ol 

295.0 
.062 
.044 

.lo8 

.158 

.01 
- .12 
0.417 - .017 
2.1 - .014 
0.0 
0.0 

-100.0 

12.3 

- .1 
245.0 

12100.0 

37.3 

.43 

3.585 

4.49 
.39 
.145 

12.805 
.ll 

1.56 
.01 
.01 . .- 
.01 
.03 
.1 

- .35 
.02 
. O t  

-5.0 
- .02 - .02 

.03 - .13 

.Ol 
-1.0 
3.1 

183.36 

1,456.43 , 

69 

1.04;7 

8 DIFFERENCE 

100.0 
6.3 

-100.0 
99.1 

-900.0 
88.9 
11.9 

100.0 - 2.2 - 1.3 
160.0 - 30.0 

- 15.0 
-400.0 
- 20.7 

83.0 
92.7 

100.0 
63.0 
18.0 

.o  
100.0 
22.8 
51.6 
19.4 

100.0 
72.0 
62.0 
73.3 
58.3 
20.8 
26.3 

100.0 
- 25.0 

86.9 
-170.0 

25.6 
-1400.0 

0.0 
0.0 

30.7 
89.1 
99.6 

- 4.5 
46.7 
83.4 
99.8 
97.3 
36.3 
97.7 
18. 3 
62.4 

100.0 
100.0 
100.0 

7.0 
1.9 - 53.8 
3.8 
3.8 

- 8.1 - 5.3 - 5.3 
100.0 

1300.0 
100.0 - 3.2 
96.9 

- 20 



their concern over analytical variances experienced in analyzing industrial 

wastewater samples. This organization, composed of 11 refinery members 

has employed a self-reporting system for wastewater discharge analyses 

since 1955. Each month, the individual refineries report analytical data 

to the Oklahoma State Corporation Commission. 

To attain the major and ancillary objectives of a study to define 

intra and interlaboratory repeatability and reproducibility, a steering 

committee including one EPA, one State, and three refinery representatives 

was formed. Formation of the study plan was the responsibility of the 

committee while the liaison and project direction were responsibilities 

of RSKERL personnel. 

Participant selection from the Council was voluntary, with the 

agreement that any refiner who volunteered would, of necessity, have 

to participate in the total program. Eight of the eleven member refiners 

agreed to participate in the project. Those refiners who did not choose 

to participate represent refineries which either contract the analysis of 

their wastewater samples or could not participate due to internal 

restrictions. Refinery size of the participants varied from 12,000 to 

112,000 barrels of crude per calendar day. The size distribution of 

the participating refineries is shown below: 
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CAPACITY OF PARTICIPANTS 

Refinery 

A 
B 
C 
D 
E 
F 
G 
H 

Thousand BarrelsICalendar Day 

12.0 
25.0 
28.5 
29.5 
48.5 
51.0 
87.0 
112.0 

Size variance of the participants is an important factor since the pop- 

ulation (industrial participants) involved in the study should represent 

a spectrum from small to large. Refinery size also reflects laboratory 

capabilities for wastewater analyses since the analytical staff size is 

dependent on refinery size. 

Two Oklahoma State agencies, which are currently involved in 

analyzing industrial wastewaters, requested participation in the program 

These State agencies were the Oklahoma State Health Department, whose 

responsibilities include analyses of petroleum refinery wastewater for 

the Oklahoma Corporation Commission (Oklahoma's Pollution Control 

Enforcement Agency for industrial discharges) and the Zoology Depart- 

ment of Oklahoma State University (OSU) . The Zoology Department has 

performed bio-assays on petroleum refinery wastewaters since 1956 and 

regularly analyzes refinery wastewaters. 

EPA laboratories participating in the study were the Robert S . Kerr 
Environmental Research Laboratory at Ada and the Methods Development 
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and Quality Assurance Research Laboratory located in  Cincinnati, Ohio. 

MDQARL participation was primarily that of a referee laboratory while 

RKSERL duties included project liaison, sampling, intralaborntory 

analyses, data analyses, and report preparation. 

The research program developed by the steering committee called 

for a two-phase study. In the first phase, a uniform sample of refinery 

wastewater would be obtained. The participating laboratories would 

handle the analysis in a routine fashion. Following the first phase, 

each analyst or his representative attended a seminar in which the 

analytical procedures were discussed. The purpose of the seminar 

was to achieve uniformity in analytical techniques. After the seminar, 

another set of samples would be analyzed to measure the effect of 

instruction. 

Wastewater for the first phase was obtained from a final clarifier 

effluent at a petroleum refinery. The water had been biologically 

treated and represented all the wastewater sources in the refinery with 

the exception of sanitary sewage. 

Wastewater for the second phase w a s  obtained from the discharge 

of the API separator. This water was not biologically treated. 

The sampling method used for the study involved pumping the 

water into a 35 gallon drum which had an inert inner liner. Calcula- 

ted amounts of preservatives were added to the sample and an electric 

stirrer was used to mix the sample thoroughly. After five minutes 



of mixing, replicate samples were withdrawn through a valve located 

near the bottom of the barrel into previously numbered one-quart 

plastic or  glass containers. The numbered containers were filled at 

random. The samples were then placed into ice chests to assist in 

sample preservation. 

To insure uniformity of starting time, the participants were 

instructed to begin analysis at 10: 00 a.m. (CDT) . Since the samples 

were obtained about 16 hours previous, the samples could be air 

delivered to MDQARL, Cincinnati, Ohio. 

The phenolic analytical results of the study are presented in 

Tables 3 and 4 .  A s  can be seen, there i s  a very noticeable improvement 

in the coefficient of variation (standard deviation divided by the mean) 

for the results after the seminar. This is demonstrated graphically in 

Figure 1. Plotted a re  the standard deviations from this study versus 

the concentrations of phenolics. Also indicated on this plot are a range 

of standard deviations that can normally be expected. This range is  

based on results reported in the literature on analytical procedures. 

A s  can be seen, before the seminar, the standard deviation for the 

interlaboratory results is well above the normal range. After the 

instruction seminar, the standard deviation is brought down within the 

normal range. This indicates that instruction in proper analytical 

technique is  essential to obtaining optimal analytical results. 
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TABLE 3 

PHENOL ANALYTICAL METHOD EVALUATION 

Phase I 

(Results obtained before Instruction) 

Intralaboratory Evaluation: 
- - - - - - - - - u g / l  - - - - - - 

Lab No. Phenol Dup 1 i ca te 

01 15.0 11.3 
01 14.4 11.3 
01 9.7 10.2 
01 14.0 11.2 
01 13.9 11.7 
01 13.9 9.8 
01 13.5 10.8 

Average Phenol = 12.2 pg/l 
Standard Deviation = 1.8 ug/ l  

Interlaboratory 

Lab No. 
02 
0 5  

08 
10 
11 

13 
16 
17 
20 

Evaluation: 
- - - -  
Phenol 
14.0 
2 4 . 0  

3.3 
20.0 
29.0 

4 . 0  

15.6 
12.5 
12.0 

- - - - - ug/l - - - - - - 
Duplicate 
15.0 
21.9 

4 . 0  

17.0 
2 9 . 0  

4 . 0  

2 0 . 7  

3.8 
13.0 

Average Phenol = 15.2 u9/1 
Standard Deviation = 8.1 ug/l 

125 

Combined Evaluation: 
Average Phenol = 13.9 u g / 1  

Standard Dcviation = 6.3 p g / :  

Coefficient of Variations = 4 5 . 3 %  
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TABLE 4 

PHENOLICS ANALYTICAL METHOD EVALUATION 

Phase I1 
(Results obtained after Instruction) 

Intralaboratory Evaluation: 

Lab No. 
01 
01 
01 
01 
01 
01 

_ _ _ - _ _ _  v g / l  - - - - - - 
Phenolics Duplicate 

5480 5367 

5470 5500 

5480 5150 

5320 5367 

5320 5283 

5070 4800 

Average Phenolics = 5300.6 ug/l 
Standard Deviation = 206.5 ug/l  

Interlaboratory Evaluation: i 

Lab No. 

02 

05 

08 

10  

11 

1 6  

1 7  

20 

Combined Evaluation: 

- - - - - - -  *g/ l  - - - - - - 
P he no1 i cs Duplicate 

6338 6088 

6600 6720 

6600 5000 

4250 4400 

6150 6200 

5400 5500 

5100 . 5200 

6080 6550 

Average Phenolics = 5761.0 ug/l 
Standard Deviation = 795.8 Ug/l / 

Average Phenolics = 5563.7 vg/l 
Standard Deviation = 650.4 pg/l I 

Coefficient of Variation = 11.7% 
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Treatment Efficiency Study 

Another part of the EPA/API study was to evaluate the pollutant 

removal capability of activated sludge units which treat refinery 

wastewaters. Six existing full-scale refinery waste treatment systems 

were selected for this study. Each activated sludge unit was sampled 

for a two-week period. Grab samples were taken every two hours and 

composited for 24-hour periods. Influent to the treatment system 

(normally from the API separator) and the effluent (normally from the 

final clarifier) were studied to determine the amount of each pollutant 

removed. 

The refinery treatment systems selected for this study were of sound 

design and operated in  an effective manner. Another criterion in the 

selection was location. Selection was made so that the distribution 

would approximately follow the density or distribution of the entire 

refining industry. The refineries selected had capacities ranging 

from 35,000 to 117,600 BPD . Two of the refineries were class C , the 

other three were class B .  

Refinery No.  9973 is a 56,000 barrel per day, class B , refinery 

located in the midwest. A flow diagram of the refinery wastewater 

treatment i s  shown in Figure 2 .  Refinery process wastewater from the 

API separator is held in  an equalization basin with a retention time of 

about 7 1 / 2  hours. The wastes then flow into an activated sludge unit 

with 12 hours detention time in the aeration basin. On the average, this 

1 
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unit handled wastewater with 11 mg/L of phenolics and reduced it to 

less than 0.01 mg/L for a typical removal of over 99.9%. A graphical 

presentation of the daily results is presented in  Figure 3. Note that 

there is  some variation in influent concentration. However, for the 

most part, this variation is small. A s  a result, the effluent concentration 

is relatively constant and the removals are quite good on a day-to-day 

basis. However, one sample (the 12th day) showed a substantial 

increase in phenolics for no apparent reason. 

Refinery No. 2115 is an 88,000 BPD, class B refinery located in 

the northwest. The oily refinery wastewaters from the API separator 

a r e  discharged to a primary clarifier, then to a trickling filter, and 

finally to an activated sludge unit with a detention time of 2 .  I hours in 

the aeration basin. A diagram of the refining wastewater treatment 

system is shown in Figure 4 .  For this treatment system, samples 

were collected following the API separator, the trickling filter, and 

final clarifier. During the sampling period the median influent to 

the treatment system was 10.45 mg/L. The trickling filter reduced 

this to 0 .99  mg/L  . Finally the activated sludge reduced the phenolics 

to 0.35 mg/L for a total removal of 99.6%. Figure 5 shows the daily 

results of the sampling. A s  can be seen, the final concentration 

of the activated sludge unit responds very sensitively to the concen- 

tration from the trickling filter. Note that between the second and 

third day into the study, a small increase in  phenolics from the trickling 

filter resulted in  a very sharp increase in the discharge from the 
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activated sludge system. On the other hand, at about 11 days into the 

study the trickling filter showed a fair increase in concentration where 

a s  the activated sludge indicated no change. The major difference between 

these two situations is that the first increase ('tupsett') occurring 2 days 

into the study resulted in a 2 . 5  mg/L concentration going into the activated 

sludge. Whereas the second "upset'' resulted in a concentration of only 

0.85 mg/L.  Thus,  it appears reasonable to expect that the effect of an 

"upset" is  related not only to the relative change in concentration, but 

is also highly dependent upon the maximum concentration of the upset, 

Refinery No .  0288 is an 117,600 BPD , class C refinery located 

in  the midwest. The refinery's oily wastewater from the API separator 

is treated by air flotation and then treated by an activated sludge system 

whose aeration basin has a 13-hour detention time. A diagram of the 

refinery wastewater treatment system i s  shown in Figure 6 .  In the study 

of this refinery, samples were obtained from the air flotation unit and 

the final clarifier effluents. The median phenolics concentration of the 

wastewater sent to the activated sludge unit was 2 . 5  m g / L .  The median 

effluent from the activated sludge unit was 0.01 mg/L , for a median removal 

for phenolics of 99.4%. Figure 7 shows the daily concentration during the 

study. In the first week of the study the feed concentration increased 

very significantly twice (3rd and 5th days) .  A s  expected, the effluent 

from the activated sludge also increased in response to the feed concen- 

tration. In the second week, there was a slight increase in feed concen- 

tration, however, the effluent from the final clarifier did not indicate 
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any effect. Apparently, the feed concentrations were not high enough 

to adversely effect the performance of the treatment system. 

Refinery No .  6512 is  a 90,000 BPD, class C refinery, located in 

the southwest. All of the wastewater from the refinery flows through 

an API separator to an equalization basin. From there, the water is 

treated by chemical coagulation and then by  an activated sludge treat- 

ment system which has a total detention time of 1 2  hours. A diagram 

of this waste treatment facility is  shown in Figure 8 .  From the equal- 

ization basin the median phenolics concentration is 0.61 m g / L .  The 

effluent from the activated sludge is about 0.01 m g / L  for 97.6% removal 

of phenolics. Figure 9 shows the daily concentration from this study. 

During the first week, there were two periods in which the phenolics 

in the effluent were running higher than normal (3rd and 5th days) .  

These periods generally correspond to periods when the feed concen- 

tration was higher than normal. During the second week, a very high 

effluent concentration was noted at the 11th day, although the feed 

concentration remained fairly level. There is  no apparent explanation 

for this "upset .I1 It was also noted that during this period the sulfide 

content of the activated sludge effluent was abnormally high. 

Refinery No .  6693 is a 35,000 BPD, class B refinery located in 

the southwest. All of the refinery wastewater flows through an API 

separator to an activated sludge unit whose aeration basin has a 

48-hour detention time. Figure 10 contains a diagram of the refinery 
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DAYS INTO STUDY 

FIGURE 9 - TREATMENT EFFICIENCY STUDY RESULTS 
REFINERY NO. 6512 
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wastewater treatment system. For this treatment system, samples were 

collected at the API separator effluent and the final clarifier effluent. 

A s  an additional study, this treatment system was chosen for an 

evaluation of activated carbon treatment of refinery wastewater. Sample 

streams from the API separator and final clarifier were sent to an activated 

carbon pilot plant. 

In the first pilot plant, activated carbon was the sole treatment 

process for the API separator effluent (i .e .  , secondary). In the second 

pilot plant, a biologically treated effluent from a final clarifier was 

"polished" using the activated carbon adsorption process ( i . e . ,  tertiary). 

Two complete pilot plants were installed and operated simultaneously. 

Figure 11 is a flow diagram of the pilot activated carbon treatment 

systems. The wastewater to be treated first flows through a dual-media 

filter constructed of a 4" pipe. This filter consisted of an 18" layer of 

sand over pea gravel, topped with a 6" layer of anthrafilt . The purpose 

of the dual-media filtration pretreatment was to reduce the suspended 

solids and oil content to an acceptable level. Pretreatment for oil and 

suspended solids removal is a necessity in the handling of refinery 

wastewater with activated carbon since excess solids or oil will plug 

off the column prematurely. 

After pretreatment, the wastewater entered a "Calgon" activated 

carbon pilot plant. This pilot plant was set up so that the wastewater 

flowed down three of the 5" ID columns. The first column contained 
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an 18" layer of granular activated carbon while the remaining columns 

had a 36" layer of carbon. 

The flow rate through each pilot plant was adjusted to about 1/4 

gpm. During the operation of the pilot plant, samples of the API 

separator effluent, biological treatment effluent, and both pilot plants' 

effluents were taken every two hours. These samples were composited 

and preserved according to recommended EPA methods. Twenty-four 

hour composite samples were analyzed daily for a spectrum of water 

pollution control parameters using EPA analytical methodology and 

analytical quality control techniques. 

The dual-media filter and carbon columns were backwashed whenever 

the pressure in the first column exceeded 20 psi. 

The median phenolics content of the API separator effluent was 

3.38 m g / L .  The activated sludge effluent contained a median 0.013 mg/L 

for a 99.6% removal. The activated carbon treatment system treating API 

separator effluent had a median 0.003 mg/L effluent concentration for a 

99.91% removal. The activated carbon system following biological treat- 

ment had an effluent concentration of 0.001 mg/L for a 99.97% removal. 

Figure 12 is a graphical presentation of the API separator effluent 

and the activated sludge effluent. For the most part the influent 

concentration was fairly free of any sharp increases of phenolics. 

With the exception of the first 2 or 3 days,  the activated sludge effluent 

was fairly constant. During the last 5 clays of the study the feed showed 

a gradual increase in concentration. However, there was no apparent 

effect on the effluent. 
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Figure 13 is a graphical presentation of the daily phenolics content 

of the API separator effluent and the activated carbon effluent. During 

the 5th day into the study the carbon effluent showed a tremendous 

increase in phenolics. At about the same time a shift in the column feed 

pH from 6 to 9 was noted. During the remainder of the study, the pI-1 

remained on the alkaline side. It i s  very likely that a slug of caustic 

went through the column causing the carbon to release any adsorbed 

phenolics. This occurs under alkaline conditions because phenol shifts 

to the phenate form which i s  more water soluble and difficult to absorb. 

After the initial "upset" the column effluent showed a continuous increase 

in  concentration to the point where at the end of the study the column 

effluent was approaching the feed concentration. This continuing 

increase was probably due to the fact that the column was operating 

under alkaline conditions, and its capacity for phenolics adsorption 

was significantly reduced. The increased phenolics content at the end 

of the study was probably attributable to column exhaustion (breakthrough) 

Figure 14 contains ri graphical presentation of the effluent of the 

activated carbon pilot plant which followed biological treatment. The 

activated sludge produced an effluent whose pH was consistently less 

than 7 (5 to 7) . A s  a result of pH level being consistently below 7 ,  the 

phenolic content from the carbon columns remained fairly constant at 

a very low level. 

\ 
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FIGURE 13 - ACTIVATED CARBON TREATMENT EFFICIENCY 
STUDY - REFINERY NO. 6693 
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SUMMARY 

1. Analytical variability of refinery wastewater data, as analyzed 

EPA methodology, was improved after a seminar on analytical procedures. 

2 .  Both biological and activated carbon treatment systems showed 

high capacity for the removal of phenolics. 

3. Biological systems appear to "upset" easily with changes in 

phenolics concentration. At times biological systems will "upset" 

with no apparent cause. 

4 .  Activated carbon systems can provide excellent treatment 

capability if the hydrogen ion concentration of the waste streams is  

controlled. It i s  particularly important to avoid caustic conditions 

in  the activated carbon columns. 

This report has been reviewed by the Office of Research and 
Development, EPA , and approved for publication. Approval does not 
signify that the contents necessarily reflect the views and policies of 
the Environmental Protection Agency, nor does mention of trade names 
or commercial products constitute endorsement or recommendation for 
use. 


